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Preface

This Special Issue of Foods contains articles related to spectrophotometric techniques (AAS, ICP,

UV-VIS, IR, MS, and NMR), chromatographic characterization (CG, HPLC, and TLC), and other

physical–chemical techniques of food analysis, as well as research concerning the thermal behavior

of solid foods.

We aimed to include new methods or procedures of food treatment to ensure the stability of

food products with less sensory and compositional changes. Thermal treatment has been the most

widely utilized technique in the sterilization of foodborne pathogens, inactivating enzymes, drying,

thawing, and extracting bioactive compounds. Although this method is convenient and can ensure

food safety, it alters, or can even destroy, the sensory, nutritional, and physicochemical properties of

food. The use of ultra-high-performance liquid chromatography coupled with mass spectrometry is

becoming a valid method/platform in food science for assessing food quality, safety, and traceability

in a robust, efficient, sensitive, and cost-effective way.

Volatile organic compounds with low odor thresholds make significant olfactory contributions

to solid food flavor. Advanced spectroscopic techniques and chemometric tools can have great

applications in food science and technology, as well as in achieving consumer confidence.

The Special Issue topics are as follows: thermal behavior of solid food products; flavor analysis

of foods and volatile profile; volatile compounds in food and their transformation during process;

volatile oils used for improvements in food stability; chromatographic methods in food analysis;

spectroscopic methods in food analysis; physico-chemical characterization and metal content in

drinking water; metal composition of foods; and food active packaging and superior valorization

of food raw materials.

Thomas Dippong

Editor

ix





Citation: Dippong, T.; Senila, L.;

Muresan, L.E. Preparation and

Characterization of the Composition

of Volatile Compounds, Fatty Acids

and Thermal Behavior of Paprika.

Foods 2023, 12, 2041. https://

doi.org/10.3390/foods12102041

Academic Editor: Salvador Maestre

Pérez

Received: 2 May 2023

Revised: 14 May 2023

Accepted: 16 May 2023

Published: 18 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

foods

Article

Preparation and Characterization of the Composition of Volatile
Compounds, Fatty Acids and Thermal Behavior of Paprika

Thomas Dippong 1,*, Lacrimioara Senila 2 and Laura Elena Muresan 3

1 Department of Chemistry and Biology, Technical University of Cluj-Napoca, 76 Victoriei Str.,
430122 Baia Mare, Romania

2 INCDO-INOE 2000, Research Institute for Analytical Instrumentation, 67 Donath Street,
400293 Cluj-Napoca, Romania; lacri.senila@icia.ro

3 Raluca Ripan’ Institute for Research in Chemistry, Babes Bolyai University, Fantanele, 30,
400294 Cluj-Napoca, Romania; laura_muresan2003@yahoo.com

* Correspondence: dippong.thomas@yahoo.ro

Abstract: This study aimed to investigate the thermal behavior and composition of volatile com-
pounds, fatty acids and polyphenols in paprika obtained from peppers of different countries. The
thermal analysis revealed various transformations in the paprika composition, namely drying, water
loss and decomposition of volatile compounds, fatty acids, amino acids, cellulose, hemicellulose and
lignin. The main fatty acids found in all paprika oils were linoleic (20.3–64.8%), palmitic (10.6–16.0%)
and oleic acid (10.4–18.1%). A notable amount of omega-3 was found in spicy paprika powder
varieties. The volatile compounds were classified into six odor classes (citrus (29%), woody (28%),
green (18%), fruity (11%), gasoline (10%) and floral (4%)). The total polyphenol content ranged
between 5.11 and 10.9 g GA/kg.

Keywords: paprika; thermal behavior; VOCs; sensorial profile; fatty acids

1. Introduction

Paprika is widely used within the food industry as a natural colorant (i.e., in soups,
sausages, cheeses and snacks) due to its ability to improve upon the flavor of food through
its characteristic taste and pungency [1]. Paprika is obtained by the dehydration of some
pepper fruit varieties (Capsicum annuum L.) followed by milling of the dried pepper to
obtain a fine powder [1]. Drying conditions affect the rehydration capacity of dehydrated
paprika quite significantly [2]. The intensity of its characteristic red color is the main quality
criterion of paprika powder, although this parameter depends on the variety of pepper
used as well as the employed preparation method [1]. Most manufacturers, however, lack
the knowledge to produce a safe and standardized food product to prevent contamination
with any foreign matter, molds or toxins [3]. In paprika, the most important compounds are
carotenoids and capsaicinoids, as well as vitamins E and C [2]. Carotenoids are responsible
for the color of paprika, their content within the product being connected to the variety and
ripeness of peppers alongside their growing condition (i.e., cool and rainy seasons tend
to yield fruit with more β-carotene and technological factors) [2]. The types of pigments
found confer paprika its particular color (yellow, green or red). The red pigments are
specific to Capsicum species and reveal the presence of pungent capsaicinoids capsaicin
and dihydrocapsaicin (dominant constituents), nordihydrocapsaicin and homocapsaicin
(minor constituents) [2]. In addition, paprika spice has advantageous health properties,
such as analgesic, anti-obesity, cardio-protective or neurologic properties, among others.
Therefore, this spice is readily used in the pharmaceutical and cosmetic industries [4].
Recently, the adulteration of condiment powders, such as paprika, pepper, curry, chili and
saffron, has increased. In the case of paprika, this nutritional integrity is important as it
contains carotenoid pigments, neutral lipids such as tocopherols and vegetable oil [5].

Foods 2023, 12, 2041. https://doi.org/10.3390/foods12102041 https://www.mdpi.com/journal/foods1



Foods 2023, 12, 2041

The formation of volatile compounds that generate the characteristic aroma is caused
by chemical conversions, such as hydrolytic reactions, amino acid conversion, oxidative
degradation reactions of lipids (fatty acids) and carotenoids (lipid-soluble pigments), Mail-
lard reactions and caramelization browning [6]. Some studies highlight the fact that the
quality and quantity of aroma and flavor compounds of paprika are decisive parameters
for quality control [1]. More than 125 volatile compounds have been identified in fresh
and processed paprika, although the significance of these compounds for the aroma is not
yet well known [1]. The main VOCs in paprika are esters and terpenoids, followed by
other minor compounds, such as lipoxygenase derivatives, nitrogen and sulfur compounds,
phenol derivatives, norcarotenoids, carbonyls, alcohols and other hydrocarbons [7]. Esters
usually confer a fruity aroma, while many aldehydes, referred to as green leaf volatiles, can
create a grassy aroma [7].

Paprika oil contains saturated (SFAs), monounsaturated (MUFAs) and polyunsat-
urated (PUFAs) fatty acids. SFAs are undesirable in large quantities because they can
cause cardiovascular problems. Moreover, they are stable at room temperature, and the
unsaturated fatty acids start to increase the fluidity and oxidation process, leading to the
formation of free radicals. Replacing SFAs with PUFAs has positive benefits for cholesterol
in the blood. Among all PUFAs, linoleic (C18:2) and α-linolenic acids (C18:3) are essen-
tial fatty acids for food [8]. Abbeddou and co-workers studied the fatty acid profile of
paprika oleoresin. The following content was reported: linoleic acid C18:2 (55.97%), C16:0
(15.16%), C18:1 (13.81%), C18:1 (13.18%), C18:3 (5.11) and small quantities (below 2%) of
C12:0, C14:0, C16:1, C18:0, C20:0, C22:0, C24:0 and C20:1 [9]. Zaki et al. (2013) analyzed
red varieties of paprika and found that the fat present in paprika is in an esterified form
with carotenoids [4]. The analyzed paprika presents a content of lipids of around 8%, a
content of carbohydrates of approximately 55% and is rich in some metals (K, P, Ca, Mg)
while being poor in Na. Linoleic (C18:2), oleic (C18:1) and palmitic (C16:0) acids are the
most predominant FAs [4]. Paprika contains high quantities of PUFAs which have valuable
properties in decreasing cholesterol levels and reducing the risk of obesity. Kim et al. (2017)
investigated the use of red paprika on the lipid metabolism of obese male mice for eight
weeks [10]. The results revealed that red paprika reduces obesity, fatty acid oxidation
and lipid droplet size [10]. The fatty acid content depends on the geographical origin,
meteorological conditions and production process. Paprika cultivation under traditional
conditions was preferred because of its higher quality.

The methods used for oil extraction from plants are solvent extraction, maceration,
cold-press extraction, steam distillation, CO2 extraction, ultrasound, enfleurage and mi-
crowave irradiation. Oil is the fluid separated from the plant in the presence of a solvent.
The most common solvent used for the extraction of oil is n-hexane. Studies show that
polar solvents can extract all fatty acids and are preferred for this purpose. In addition,
extraction methods influence the amounts of fatty acids. Combining solvent extraction,
microwave irradiation, ultrasonic extraction and supercritical carbon dioxide techniques
could significantly improve oil performance [11]. Kostrzewa et al. (2022) used supercriti-
cal CO2 extraction of dry paprika and n-hexane, and the results showed that there is no
difference between the two extraction methods. [11]. Ultrasound-assisted extraction is a
simple and ecologically safe method for the extraction of oil. The ultrasonic extraction
method increases the yield of active compounds such as antioxidants, phenols and fatty
acids. The advantages of UAE were lower extraction time, lower volume of solvent and
lower temperature of extraction, as well as higher efficiency [12].

This study focused on the determination of the key volatile compounds, the com-
parative analysis of fatty acids, polyphenol and thermal behavior among wild-harvested
and commercial paprika samples obtained from pepper varieties from different countries.
Ultrasound-assisted extraction (UAE) was applied to extract oil from paprika powder vari-
eties. The interest of this study consists in the following: (i) the literature is enriched with
the obtained extensive characterization of different paprikas, (ii) the relationship between
the thermal behavior and the content of volatile compounds, cellulose, hemicellulose, lignin
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and fatty acids, (iii) the aroma profile and classification of volatile compounds by classes of
chemical compounds and types of aromas and (iv) the statistical analysis of the content of
volatile substances and fatty acids of the eight varieties of paprika.

2. Materials and Methods

2.1. Chemicals

The chemicals, including methanol (CH3OH), chloroform (CHCl3), potassium chlo-
ride (KCl), sodium sulfate (Na2SO4), isooctane (C8H18), potassium hydroxide (KOH),
sodium hydrogen sulphate monohydrate (NaHSO4·H2O), ethanol (C2H6O), diethyl ether
(C2H5)2O, phenolphthalein (C20H14O4), sodium chlorite (NaClO2), sulphuric acid (H2SO4)
and sodium hydroxide (NaOH), all of analytical grade, were purchased from Merck
(Darmstadt, Germany). The standard FAME mixture (Supelco 37 component FAME mix,
CRM47885) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Ultrapure water
(18.2 MΩ·cm−1 at 20 ◦C) was obtained from a Direct-Q3 UV Water Purification System
(Millipore, Molsheim, France).

2.2. Sample Description

Paprika 1 (P1) was obtained from red Kapia peppers of Romanian origin, light reddish-
brown in color, very pleasant in smell, sweet feeling with a well-defined pepper aroma.

Paprika 2 (P2) was obtained from hot peppers, with Romania as the country of origin.
The uniform powder had a specific smell of pepper with a spicy taste.

Paprika 3 (P3) was obtained from golden pepper, with Romania as the country of
origin—a yellow-brown powder with a specific and pleasant smell.

Paprika 4 (P4) was obtained from hot peppers, with Morocco as the country of origin—
light red-orange powder, with a specific smell of peppers and a sweet spicy taste.

Paprika 5 (P5) was obtained from red Kapia peppers, with Turkey as the country of
origin, and it was characterized by a light red-orange color, specific sweet pepper smell
and a weaker taste compared to the others.

Paprika 6 (P6) is a ground chili originating from India, with a light red-brown color
and a very spicy, aromatic and pleasant taste.

Paprika 7 (P7) is obtained from red Kapia peppers originating from China. The taste
and smell of this red-orange colored paprika powder is pleasant and specific but weakly
pronounced compared to the rest of the samples.

Paprika 8 (P8) is obtained from Kapia peppers originating from Hungary. It is char-
acterized by a red-brick color, with a taste and smell specific to this particular pepper
assortment.

Paprika Preparation Methods

Each variety of paprika (P1–P8) was prepared under the same working conditions.
After washing the peppers, they were cut into rings and placed in the oven at a temperature
of 80 ◦C and then left to dry until they reached a light red-brown color and acquired a
crunchy texture. After cooling, they were chopped.

All the samples were freeze-dried (FreeZone 2.5 LiterBenchtop freeze dry system,
Labconco, Kansas, MO, USA) at −40 ◦C and −25 psi for 24 h to uniformize their moisture
content. The freeze-dried samples were ground using an agate mortar and pestle to obtain
homogenized powders. The moisture of the samples was determined by drying the samples
to a constant mass at 105 ◦C in a universal oven (UFE 400, Memmert, Schwabach, Germany).

2.3. Extraction of Lipids from Paprika Powder

The dried samples (1 g) were extracted with 20 mL chloroform: methanol (2:1, v/v) and
introduced into an ultrasonic bath (ISOLAB, Germany, tank dimensions: 150 × 138 × 65 mm3,
tank volume 1.3 L, ultrasonic power: 60 W, frequency: 40 kHz) for 15 min (repeated for
four times) at room temperature, according to Pohndorf et al. (2016) with modifications [13].
The obtained mixture was extracted with 10 mL KCl (0.74%). The extracts were centrifuged
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(10 min at 5000 rpm), and the organic phase was recovered. Finally, the organic phase was
filtered using Na2SO4 to obtain a clear solution. The solvent was evaporated using the
rotary evaporator Laborota 4010 (Heidolph, Schwabach, Germany), and the oil obtained
was dried at 60 ◦C in an oven. The yield and the lipid content were calculated using
Equation (1).

Lipid content (%) =
mL
mP

× 100 (1)

where mL is the extracted lipid weight, and mp is the mass of dried paprika powder.

2.3.1. Lipid Extraction Yield

The oils obtained using ultrasound extraction with chloroform: methanol (2:1, v/v)
were converted to FAME using transesterification methods according to [14]. The fatty
acids were separated on Zb-WAX, a polyethylene glycol column stationary phase suitable
for separating fatty acids.

2.3.2. Fatty Acid Methyl Esters (FAMEs)

Fatty acid compositions were determined using a gas chromatography coupled with
flame ionization detector technique, after lipid extraction and transesterification to fatty
acid methyl esters. The obtained lipids were converted into FAMEs by transesterification
with potassium hydroxide. The samples (0.06 g) were dissolved in isooctane, treated with
0.2 mL methanolic potassium hydroxide solution (CH5KO2) (2 mol/L) and vigorously
stirred for 30 s. Lastly, the mixture was treated with 1 g of sodium hydrogen sulphate to
avoid saponification of methyl esters and neutralize excess alkali. Each oil sample was
trimethylated and analyzed in three replicates.

2.3.3. Free Fatty Acid (FFA) Content from Extracted Oil

The free fatty acids were determined by titrating the oil obtained with KOH (0.1 M in
ethanol). An amount of m g of oil was dissolved in a solvent mixture of ethanol: diethyl
ether (1:1, v/v), using phenolphthalein (2%) as the indicator. The FFA content was calculated
in accordance with Equation (2):

FFA =
56.1 ∗ V ∗ C

m
mg KOH/g (2)

where 56.1 is the molecular weight of KOH, V is the volume of KOH used for titration (mL),
C is the concentration of KOH used for titration, and m is the biomass of oil used for analysis.

2.3.4. GC Analysis

The FAME content was determined using GC-FID (Agilent Technologies, Santa Clara, CA,
USA, 6890 N) equipped with a Zebron ZB-WAX capillary column (30 m × 0.25 mm × 0.25 μm)
and a flame ionization detector (FID, Agilent Technologies 7683). The gas carrier was helium
with a constant flow rate of 1 mL min−1. The injection volume was 1 μL in a 1:20 split
mode. The GC oven temperature program consists of three stages: 60 ◦C for 1 min, 60 to
200 ◦C (rate 10 ◦C min−1, 2 min), 200 to 220 ◦C (5 ◦C min−1, 20 min). The temperature of
the injector and detector was set to 250 ◦C. FAs in samples were identified by comparing
their retention time with that of the Supelco FAME standard mixture.

2.4. Thermal Analysis

The thermal behavior of all samples was evaluated based on thermal analysis (TG-
DTA) carried out with a Mettler-Toledo TGA/SDTA851. The measurements were per-
formed at a heating rate of 20 ◦C/min in a controlled atmosphere using air or nitrogen with
a flow rate of 60 mL/min.
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2.5. Volatile Composition

For the HS-SPME GC-MS analysis of volatile organic compounds, 3 g of ground pa-
prika P1–P8 was transferred to a 20 mL headspace vial, and 3 mL of NaCl saturated solution
was added to enhance the volatile organic compounds in the headspace and to inhibit any
enzymatic reactions. The method was developed according to Martín et al., with improve-
ment [1]. The headspace vials were sealed with crimp-top caps with TFE-silicone headspace
septa (Thermo Fischer Scientific, Waltham, MA, USA). Each vial was incubated for 20 min at
60 ◦C. Afterward, the SPME fiber Divinylbenene/Carboxen/Polydimethylsiloxane (50 μm
DVB/30 μm CAR/30 μm PDMS) was exposed for 15 min (60 ◦C) at the headspace of the
sample to perform the HS-SPME extraction of volatile organic compounds. Furthermore,
the extracted volatile organic compounds were desorbed for 7 min from the fiber coating
into the Thermo Fischer Scientific Trace 1310 GC gas chromatograph injection port set at
250 ◦C. The volatile organic compounds were separated using a DB-WAX capillary column
(30 m × 0.25 mm i.d. × 0.25 μm film thickness, J&W Scientific Inc. (Folsom, CA, USA)).
Ultrahigh purity helium was used as a carrier gas at a linear velocity of 1 mL/min. The
oven temperature program was as follows: initial temperature of 35 ◦C, heated to 180 ◦C at
a rate of 5 ◦C·min−1, increased to 230 ◦C at a rate of 15 ◦C·min−1 and then held at a plateau
for 7 min. Mass spectra were recorded in electron impact (EI) ionization mode at 70 eV
using a TSQ 9000 MS, Thermo Fischer Scientific mass spectrometer. The quadrupole mass
detector, ion source and transfer line temperatures were set at 150, 230 and 280 ◦C, respec-
tively. Mass spectra were scanned in the range m/z 50–450 amu. VOCs were identified by
comparing the mass spectra with the NIST 14 database system library and linear retention
index. The criteria for compound identification required a mass spectrum matching score
of ≥80%. The results were expressed as a percentage of the relative peak area (% RPA) of
a peak in each paprika sample that was calculated by dividing the peak area by the total
peak area of all identified peaks in each chromatogram. The total ion chromatogram (TIC)
of each sample was used for peak area integration.

All measurements were conducted in triplicate, and data are presented as the
mean ± standard deviation.

2.6. Antioxidant Characterization

Polyphenols were measured using the Folin–Ciocalteu colorimetric method using a
Perkin Elmer Lambda 25 spectrophotometer to measure the blue complex at 760 nm, and
gallic acid was used as a reference standard [15]. All measurements were conducted in
triplicate, and data are presented as the mean ± standard deviation.

2.7. Cellulose, Hemicellulose and Lignin Content

The content of cellulose, hemicelluloses and lignin in paprika varieties was determined
according to Senila et al. [16]. The content of holocellulose (cellulose and hemicelluloses)
was determined by delignification of samples with NaClO2 in acetic acid (10%). The content
of cellulose was determined by treatment of holocellulose with NaOH (17.5%). The lignin
was determined as present residue after treatment of samples with 72% H2SO4 solution.

2.8. Statistical Analysis

For the statistical processing of the data, OriginPro Data Analysis and Graphing
Software (OriginLab Corporation, Northampton, MA, USA) was used. Descriptive data
analyses, including standard deviation and Pearson correlation, explained by very strong
correlation (0.9–1), strong correlation (0.70–0.89), moderate correlation (0.40–0.7), weak
correlation (0.10–0.39) and negligible correlation, were realized. Two different sets of
variables, including fatty acids and volatiles and polyphenols, were evaluated in order
to separate the geographical provenance and types of the paprika samples. The paprika
samples were grouped according to sets of variable contents by Agglomerative Hierarchical
Clustering (AHC) using the squared Euclidian distance and the Ward method for combining
clusters, using XLStat software version 2019.3.2 (Addinsoft, Paris, France).
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3. Results and Discussion

3.1. Thermal Behavior

The decomposition stages of the paprika samples were investigated in both air
(Figure 1) and nitrogen atmospheres (Figure 2) up to 1000 ◦C. All paprika samples have a
similar thermal behavior in three or four stages under the air atmosphere. In the case of P1,
P2 and P5, the DTA curve shows the first stage was characterized by an endothermic effect
at 64–73 ◦C, accompanied by a mass loss of 3.6–4.6%, attributed to the evaporation of ad-
sorbed water and solvent [17–19]. The second stage involved the decomposition of volatile
compounds and polyphenols characterized by an exothermic effect at 206–214 ◦C, accompa-
nied by a mass loss of 29.6–33.7% [17–19]. The third stage at 324–344 ◦C, with a mass loss of
22.1–24.5%, can be attributed to the decomposition of fatty acids and proteins [17–19]. The
fourth stage of decomposition for P1 and P5 corresponds to the degradation of cellulose,
hemicellulose and lignin, with three exothermic effects at 493–489 ◦C, 552–560 ◦C and
590–606 ◦C accompanied by a mass loss of 36.3%. In the case of P2, it was observed only
through two exothermic effects at 490 ◦C (decomposition of hemicellulose and cellulose)
and 618 ◦C (decomposition lignin), accompanied by a mass loss of 28.7 and 8.1% [14–16].
In the case of the P3, P4, P6, P7 and P8 samples, the DTA curve shows, for the first stage,
an endothermic effect between 58 and 89% ◦C associated with a 2.7–3.6% mass loss on the
TG curve. This can be attributed to the drying of paprika powders and the desorption of
physically absorbed water molecules. For the second stage, an exothermic effect in the
range of 317–346 ◦C associated with a mass loss of 50.4–58.2% on the TG curve is attributed
to the decomposition of volatile compounds and polyphenols, fatty acids and proteins,
and for third stage, an exothermic effect at 478–493 ◦C is associated with a mass loss of
33.7–41.5% corresponding to the degradation of cellulose, hemicellulose and lignin (only in
the case of the P8 sample for the third stage a split peak in two exothermic effects at 446
and 487 ◦C can be observed) [17–19].

The thermal behavior is different for decompositions in a nitrogen atmosphere (Figure 2)
compared to an air atmosphere (Figure 1). In all cases, five stages of decomposition can
be discerned. The first stage of decomposition is observed by the endothermic effect
on the DTA curve, with a mass loss of 2.4–6.7% corresponding to the evaporation of
adsorbed water and solvent [17–19]. The second stage of visible decomposition through
the exothermic effect from 210 to 220 ◦C, with a mass loss of 20.7–34.4%, can be attributed
to the decomposition of volatile compounds and polyphenols [17–19]. The third stage
of decomposition visible through the exothermic effect at around 243–284 ◦C, with a
mass loss of 19.7–41.7%, is attributed to the decomposition of fatty acids, amino acids
and proteins [17–19]. The fourth stage of decomposition, equivalent to a mass loss of
22.8–37.0%, was observable through exothermic effects at around 364–399 ◦C, 440–450 ◦C
and 483–546 ◦C and can be attributed to the degradation of cellulose, hemicellulose and
lignin [17–19]. In addition, for samples P1, P3, P4, P5, P7 and P8, an exothermic effect
occurs at 881–981 ◦C, with a mass loss of around 14%, which occurs only in the nitrogen
atmosphere. We infer that it could be attributed to mineral substances with nitrogen content
present in the residue. The total mass losses were in the range of 95.0–98.6% in the air
atmosphere compared to 80.6–97.2% in the nitrogen atmosphere. The thermal degradation
stages of paprika varieties are in agreement with their compositions.

In our previous studies on coffee [20], the thermal analysis revealed various transfor-
mations in coffee composition, namely, drying, water loss and decomposition of polysaccha-
rides, lipids, amino acids and proteins. Thermal analysis also revealed transformations in
cocoa powder’s composition [21]: drying and water loss; decomposition of pectic polysac-
charides, lipids, amino acids and proteins; and crystalline phase transformations and
carbonizations.
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Figure 1. TG (blue line) and DTA (red line) curves of the paprika sample (P1–P8) under air atmosphere.
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Figure 2. TG (blue line) and DTA (red line) curves of the paprika sample (P1–P8) under nitrogen
atmosphere.
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3.2. Cellulose, Hemicellulose and Lignin Content of Paprika Samples

Lignin is a natural phenolic polymer found in higher plant tissues and the second
most abundant polymer after organic cellulose [22]. In all samples, cellulose, hemicellulose
and lignin contents were identified. The lignin content varied in the following order (%):
P1 (15.2 ± 1.1) > P4 (13.1 ± 1.0) > P8 (13.0 ± 0.89) > P7 (12.8 ± 0.85) > P2 (11.3 ± 1.1)
> P5 (11.2 ± 1.0) > P6 (8.3 ± 0.62) > P3 (7.2 ± 0.52). A high concentration of lignin was
identified in red Kapia pepper. Our results are in accordance with other researchers’ results
regarding lignin determination from pepper [23]. Estrada et al. [23] reported 4–9% lignin
from the fruit of Capsicum annum pepper species and reported the variation of lignin during
the maturation period. It was concluded that the maturation process caused the lignin
content to decrease. The process can be explained by the rearrangement of cell structure by
plant maturation and the interaction between lignin-like substances derived from phenyl
propanoid precursors [23]. Celluloses and hemicelluloses are carbohydrates that provide
the taste of the pepper and can create links with protein, lipids and biomolecules in the
paprika powder [24].

The cellulose content varied in the following order (%): P2 (32.2 ± 2.1) > P4 (28.6 ± 1.8)
> P6 (25.5 ± 2.0) > P1 (23.1 ± 1.9) > P5 (23.0 ± 1.3) > P7 (21.1 ± 1.6) > P8 (19.2 ± 1.2) > P3
(19.1 ± 1.0), whereas hemicellulose contents were (%) P6 (13.5 ± 0.8) > P4 (12.1 ± 1.0) > P2
(11.1 ± 0.9) > P8 (8.9 ± 0.5) > P1 (8.1 ± 0.5) > P5 (7.2 ± 0.6) > P7 (5.4 ± 0.3) > P3 (5.2 ± 0.4).
The highest content of cellulose was found in spicy varieties. According to Mudrić et al., in
Serbian paprika, the following sugars were identified: glucose, fructose, arabinose, xylose,
mannose, disaccharides (trehalose and maltose), trisaccharides and sugar alcohols [24]. The
results show a good agreement between the thermogravimetric analysis and the presence
of cellulose, hemicelluloses and lignin in paprika samples.

3.3. HS-SPME GC-MS Analysis of Volatile Organic Compounds

Volatile compounds of Romanian paprika were analyzed using SPME followed by
GC-MS, as shown in Table 1. This study identified 32 volatile compounds divided into
seven classes in the samples, including 16 hydrocarbons, 5 aldehydes, 4 ketones, 3 alcohols,
2 esters, 1 sulfur compound and 1 heterocyclic compound (Table 1).

Hydrocarbons had the highest proportion (50.6%, Figure 3a) in the samples, inducing
fruity, camphorous, sweet, lemony, pine-like, minty, woody, resinous, balsamic, plas-
tic, roasted, citrus, floral, aromatic, green, chemical, herbaceous, clove, pepper or spicy
odors [6,25]. The limonene was the most abundant in the paprika samples, although its
amount varied between samples as follows: P7 (100%) > P8 (42.8%) > P6 (41.6%) > P3
(30.2%). M-cymene may be formed from oxidation of monoterpene hydrocarbons by
isomerization and oxidation [26,27].

  
(a) (b) 

alcools, 
4.1

esters,
2.1%

sulfur, 
2.2 %

aldehydes, 
28.7%

ketones, 
6.7 %

hydrocarbons, 
50.6 %

heterocyclic, 
5.6%

green
18%

fruity
11%

woody
28%

gasoline
10%floral

4%

citrus
29%

Figure 3. Classification of volatile compounds identified in paprika by chemical class (a) and aroma
profile (b).
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Aldehydes (28.7%, Figure 3a) are formed through the oxidative degradation of amino
acids during their interaction with sugars at high temperatures or the interaction of amino
acids and polyphenols in the presence of polyphenol oxidase and mainly contribute to
fatty and cowy flavor [6,7,25]. The formation of aldehydes indicates that the Maillard
reaction occurred during the heating or roasting processes, correlated to the concentrations
of free amino acids present in the samples [3,28]. The aromas given by aldehydes are fruity,
fatty, green, oil, green grassy, very strong, harsh and lemon-like [6]. Furfural (highest
content in P1, P2, P3 and P5 paprika samples) was the major volatile component in this
group and is usually an indicator of thermal damage during roasting [3,29]. Hexanal (P4,
P6 and P8), as an oxidation product of enzymatic as well as autoxidative linoleic acid
oxidation, increased strongly with heating, and is the main compound found in fresh
pepper and is responsible for the odor of freshly cut grass or ground leaves of green plant
materials [1,3,28,30]. Benzaldehyde, the only odor-active aromatic aldehyde, only present
in the B2 sample, is characterized by a caramel-like or roasted odor and commonly exists
as the glycosidically bound form in paprika [6,27].

The content of ketones (6.7%, Figure 3a) in paprika samples is associated with fruity,
spicy, cinnamon, banana, mushroom, camphor, cedar leaf, mint and bitter aromas [6,15].
Oxidative decomposition of unsaturated fatty acids is the main pathway for ketone forma-
tion during heating treatments. In addition, oxidative decomposition of saturated fatty
acids could produce volatiles, such as alkenes and alcohols, which might be further ox-
idized to produce ketones under a high temperature treatment [7,27,31]. 2-Heptanone
(only present in sample P2) contributed to ‘stale’ and ‘cabbage’ odors and very little to the
entire aroma formation because of its high threshold and low content [6]. Carvone (only in
samples P3, P5 and P6) provided ‘mint’, ‘basil’ and ‘fennel’ odors and was detected as one
of the odor-active compounds of paprika [6].

Alcohol compounds (4.1%, Figure 3a) account for cooling, camphoraceous, fresh pine,
ozone, citrus, floral, green, peppermint, woody, earth and sweet odors [6]. 2-Methyl-butanal
(P1 and P2 samples) showed the highest abundance, which provided a characteristic roasted
garlic odor [3].

Esters (2.1%, Figure 3a) in paprika samples induced fruity (apple, cherry, pear, etc.),
floral, herbaceous, sweet, refreshing, green, grassy, bergamot, lavender and minty odors [6].
Esters were produced by oxidation or pyrolysis of unsaturated fatty acids in peppers under
high temperature, especially pericarp and seeds, which could explain the increase in esters
during the initial drying process [3,7,32].

Sulfur compounds are decomposition products of thiosulfinates and are derived from
amino acid flavor precursors of the Allium family, including garlic and shallot [3,33,34].
Dimethyl disulfide (2.2% only in the P5 sample) (pungent, spicy) is a sulfur-containing
volatile from garlic that is responsible for medicinal properties, presents the most abundant
flavor in garlic oil and plays a major role in the formation of di- and trisulfides found as
components of garlic [3,35].

The predominant aroma is citrus (29%), where the limonene and woody aroma
(28%) of paprika is represented by furfural, 5-methyl furfural, α-pinene, β-pinene, 3-
(bromomethyl)cyclohexane, benzaldehyde, β-myrcene, 1.3.8-p-menthathiene and cedrene [6].
Green-aroma-associated compounds (18%, Figure 3b), after the processing of peppers,
showed that terpenes, sesquiterpenes and terpene derivatives are more abundant in pun-
gent paprikas than sweet ones and 2-methylbutan-1-ol, dimethyl disulfide, hexanal, cam-
phene, cis-myrtenol, terpinyl acetate, 2-n-pentylthiophene and phenylsulfanylacetalde-
hyde decreased upon maturation [6,36]. Fruity aroma (11%, Figure 3b) is represented by
compounds such as 2-methylisovalerate, 2-heptanone, 2-Propanone, 4-carene, 2-methyl-
7-norbornanol, β-phellandrene, β-ocimene, m-cymene, β-ocimene, γ–terpinene and 2-
nonen-4-one. These compounds are sensitive to compositional alterations and variations
in the metabolic pathways during ripening, harvest, post-harvest and storage and many
factors related to the variety and type of technological treatment [6,36]. The gasoline flavor

11



Foods 2023, 12, 2041

(10%) is given by 2-methyloctane, and the floral aroma (4%) is given by terpinolene and
d-carvone [6].

3.4. Fatty Acid Content in Paprika Oil Varieties

However, the cis (oleic acid) and trans (elaidic acid) isomers of C18:1 and cis (linoleic
acid) and trans (linolaidic acid) isomers of C18:2 were not separated and were quan-
tified together. The lipid content varied in the following order: P5 (16.0 ± 1.1%) > P2
(15.5 ± 1.0%) > P6 (13.7 ± 1.1%) > P7 (13.0 ± 1.0%) > P8 (12.4 ± 0.89%) > P4 (12.1 ± 0.90)
> P1 (10.01 ± 0.90%) > P3 (4.2 ± 0.2%). The fatty acid methyl esters found in all oil from
paprika powder varieties are presented in Table 2 and Figure 4. All oil samples analyzed
contain SFAs, MUFAs and PUFAs in different quantities within sample types. The SFAs
found in paprika oil are C12:0, C14:0, C15:0, C16:0, C17:0, C18:0, C20:0, C21:0, C22:0 and
C23:0. Palmitic acid (C16:0) is the predominant SFA in all paprika samples. The highest
content of C16:0 was found in the P1 sample. The identified MUFAs are C14:1, C16:1, C17:1,
C18:1(c + t) and C20:1. The highest oleic and octadecenoic acid (C18:1(c + t)) content was
found in P8 (11.31%) and P4 (10.38%).

Table 2. Profile of fatty acids found in paprika oils; data are expressed in % (w/w), expressed as
averages ± standard deviation (n = 3).

Acid Type P1 P2 P3 P4 P5 P6 P7 P8

C12:0 2.49 ± 0.1 3.13 ± 0.12 <0.032 0.54 ± 0.01 3.56 ± 0.12 0.91 ± 0.01 1.32 ± 0.01 0.32 ± 0.01
C14:0 3.61 ± 0.1 3.76 ± 0.11 3.16 ± 0.15 0.96 ± 0.01 4.70 ± 0.15 1.31 ± 0.01 1.76 ± 0.01 0.79 ± 0.01
C14:1 1.40 ± 0.08 1.69 ± 0.07 <0.036 <0.036 <0.036 0.64 ± 0.01 0.91 ± 0.02 2.01 ± 0.05
C15:0 1.56 ± 0.01 1.52 ± 0.02 <0.014 0.24 ± 0.01 1.84 ± 0.02 0.41 ± 0.01 0.64 ± 0.02 0.23 ± 0.01
C16:0 16.0 ± 1.1 14.6 ± 1.0 13.0 ± 1.1 13.0 ± 1.0 15.5 ± 1.2 10.6 ± 0.8 12.2 ± 1.0 11.2 ± 1.1
C16:1 1.93 ± 0.08 2.11 ± 0.08 1.65 ± 0.05 0.63 ± 0.01 2.13 ± 0.08 0.69 ± 0.02 0.93 ± 0.03 0.46 ± 0.01
C17:0 2.85 ± 0.1 1.68 ± 0.1 2.42 ± 0.08 0.31 ± 0.01 2.49 ± 0.07 1.64 ± 0.01 1.24 ± 0.03 0.65 ± 0.01
C17:1 1.66 ± 0.04 1.77 ± 0.05 <0.023 0.23 ± 0.01 <0.023 <0.023 <0.023 0.15 ± 0.01
C18:0 7.57 ± 0.2 7.82 ± 0.41 5.29 ± 0.21 3.14 ± 0.12 6.64 ± 1.3 3.40 ± 0.01 4.17 ± 0.1 3.33 ± 0.13

C18:1(c + t)(n9) 5.12 ± 0.1 6.85 ± 0.12 5.02 ± 0.31 10.4 ± 1.0 5.60 ± 1.3 14.0 ± 1.1 9.61 ± 0.2 11.3 ± 1.2
C18:2(c + t)(n6) 21.8 ± 1.8 20.3 ± 1.8 24.3 ± 1.5 64.8 ± 2.3 20.7 ± 1.8 61.4 ± 2.5 56.8 ± 2.3 61.9 ± 4.1

C18:3(n6) 4.30 ± 0.2 4.22 ± 0.13 3.75 ± 0.18 0.53 ± 0.02 3.44 ± 0.05 1.03 ± 0.02 1.43 ± 0.08 0.36 ± 0.01
C18:3(n3) 19.6 ± 1.2 16.68 ± 1.3 10.03 ± 0.9 1.85 ± 0.012 17.78 ± 1.1 1.80 ± 0.04 4.17 ± 0.12 2.33 ± 0.1

C20:0 2.82 ± 0.1 4.27 ± 0.21 3.59 ± 0.2 0.74 ± 0.02 3.42 ± 0.02 0.80 ± 0.01 1.28 ± 0.08 0.29 ± 0.01
C20:1 <0.0052 <0.0052 3.06 ± 0.2 0.34 ± 0.01 <0.0052 0.53 ± 0.02 0.71 ± 0.02 2.62 ± 0.1
C20:2 1.56 ± 0.1 <0.0096 <0.0096 0.26 ± 0.01 2.56 ± 0.05 <0.0096 1.71 ± 0.01 0.19 ± 0.01
C21:0 2.21 ± 0.08 3.04 ± 0.10 <0.0086 0.40 ± 0.01 3.18 ± 0.01 <0.0086 <0.0086 0.29 ± 0.01

C20:3(n3) <0.0061 2.22 ± 0.11 <0.0061 0.21 ± 0.01 1.72 ± 0.01 <0.0061 <0.0061 0.13 ± 0.01
C20:5(n3) <0.0058 1.46 ± 0.08 <0.0058 <0.0058 <0.0058 <0.0058 <0.0058 0.13 ± 0.01

C22:1 <0.0063 <0.0063 <0.0063 <0.0063 <0.0063 <0.0063 <0.0063 0.13 ± 0.01
C22:0 1.15 ± 0.02 1.42 ± 0.07 1.77 ± 0.08 0.33 ± 0.01 1.46 ± 0.07 0.47 ± 0.01 0.62 ± 0.01 0.26 ± 0.01
C22:2 1.30 ± 0.01 <0.0091 <0.0091 <0.0091 1.62 ± 0.05 <0.0091 <0.0091 0.13 ± 0.01
C23:0 <0.056 <0.056 21.62 ± 1.8 0.77 ± 0.01 <0.056 <0.056 <0.056 <0.056
C24:0 1.08 ± 0.08 1.42 ± 0.07 <0.050 0.32 ± 0.01 1.62 ± 0.1 0.43 ± 0.02 0.50 ± 0.01 0.23 ± 0.01
SFA 41.4 ± 3.1 42.7 ± 2.1 50.8 ± 4.1 20.7 ± 1.6 44.4 ± 2.6 19.9 ± 1.1 23.8 ± 2.0 18.1 ± 1.2

MUFA 10.1 ± 1.1 12.4 ± 1.0 9.7 ± 0.5 11.6 ± 1.0 7.7 ± 0.2 15.9 ± 1.4 12.2 ± 1.1 16.7 ± 1.3
PUFA 48.5 ± 3.1 44.9 ± 3.5 38.0 ± 2.3 67.6 ± 4.2 47.8 ± 3.1 64.2 ± 2.6 64.1 ± 6.0 65.2 ± 4.6
ω-6 29.0 ± 1.8 24.5 ± 1.8 28.0 ± 1.5 65.6 ± 4.3 28.3 ± 1.9 62.4 ± 5.2 59.9 ± 4.2 62.6 ± 4.2
ω-3 19.6 ± 1.1 20.4 ± 1.9 10.0 ± 0.9 2.1 ± 0.1 19.5 ± 1.2 1.80 ± 0.08 4.17 ± 0.3 2.59 ± 0.1

ω-6/ω-3 1.5 ± 0.08 1.2 ± 0.07 2.8 ± 0.1 31.8 ± 2.6 1.5 ± 0.1 34.6 ± 2.1 14.4 ± 1.2 24.2 ± 2.1

< Below limit of quantification (LQ).

The PUFAs are divided into omega-6 (ω-6) and omega-3 (ω-3). The highest PUFA
(ω-6) quantities found in all samples are reported for linoleic acid (C18:2(c + t)) and varied
in the following order: P4 (64.7%) > P8(61.9%) > P6(61.4%) > P7 (56.8%) > P3(24.3%) > P1,
P5 and P2 (approx.20%). The highest PUFA content was found in spicy samples. According
to Figure 4, the highest content of SFA was found in golden pepper (P3), due to a high
content of tricosanoic acid (C23:0). Red paprika varieties were found to be free of saturated
tricosanoic acid. Rutkowska and Stolyhwo (2009) reported a content of 59.4% C18:2 and
5.1% C18:3 in red paprika powder oil. The method by which the oil was extracted was
Soxhlet with hexane/ethyl ether (1:1) [37]. Several studies reported that food rich in PUFAs
reduces the risk of cardiovascular diseases, and they were recently shown to prevent the
risk of SARS-CoV-2 infection [38]. Omega-3 was found in high quantities in samples P2
(20.6%), P1 and P3 (19.5%) and in lower amounts in samples P7, P4, P8 and P6 (lower than
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4%). The conclusion is that spicy paprika has a high omega-3 content and is appropriate for
consumption. It is essential that the consumption of SFAs is replaced with the consumption
of PUFAs. It is recommended that the consumption of SFAs should not exceed 10%,
according to the Food and Agricultural Organization of United Nations [39]. A lower
ω-6/ω-3 ratio is desirable due to the reduction in the risk of cardiovascular problems.
The free fatty acids were analyzed in all samples (as acid values). All the oil samples
contained below 1%, demonstrating the solubility of fatty acids in used solvents in the
presence of the ultrasound method. The fatty acid profile of paprika varieties is important
for food chemistry due to differences in variety chemistry, assigned quality, origin, food
taste and color.

 

Figure 4. The content of SFAs, MUFAs and PUFAs.

3.5. Total Polyphenol Contents

Polyphenols are often responsible for the antioxidant capacity of plant products, and
they could be important constituents to explain the protective effects of plant-derived
foods and beverages [2]. The results of the total polyphenolic content of paprika spices,
measured with Folin–Ciocalteau reagent using the spectrometric method, are given in
Table 3. Polyphenols are linked to health-promoting properties as they show antioxidant,
anti-inflammatory, antidiabetic and anticarcinogenic activity [40]. The antioxidant character
was attributed to the higher number of polyphenols present in the paprika and to the
presence of lignin. The highest content of polyphenols was measured in P3 (10.9 g GA kg−1),
and the lowest content was measured in P8 (5.11 g gallic acid/kg). The sample with the
lowest total polyphenol content (sweet paprika spice) had only about 50% of the content
of paprika delicate with the highest value; there is only a weak connection between the
pungency of the spices and the polyphenolic amount [2]. The amount of polyphenols in
paprika products could be influenced by the variety of pepper and could also be dependent
on the time of harvesting and processing [2].
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Table 3. Total polyphenol contents in the studied paprika samples expressed as averages ± standard
deviation (n = 3).

Paprika P1 P2 P3 P4 P5 P6 P7 P8

Polyphenol
g GA kg−1 8.35 ± 0.79 9.44 ± 0.96 10.9 ± 1.1 8.18 ± 0.82 5.61 ± 0.61 7.81 ± 0.81 7.44 ± 0.73 5.11 ± 0.52

3.6. Principal Component Analysis

Hierarchical clustering (dendrogram), AHC of the paprika varieties presented in
Figure 5, was conducted to find the inter-connectivity and closeness of the studied paprika
samples and individual volatile organic compounds. The dendrogram cluster is divided
into two groups, the first containing P1, P2, P3 and P5 and the second which contains P4, P6,
P7 and P8. Paprika species from Romania and Turkey have similar chemical compositions,
whereas samples from China, India, Morocco and Hungary can be differentiated. Pearson
correlation regarding fatty acids confirms a very strong correlation between P1, P5, P2 and
P3 and P7, P8, P4 and P6. The cluster analysis shows the differences between samples sepa-
rated in each cluster based on the different content of fatty acids and volatile compounds.

Figure 5. Hierarchical clustering (dendrogram) of different paprika varieties.

Figure 6 presents the principal component analysis regarding fatty acid, volatile com-
pound and polyphenol correlation. The PCA is an unsupervised method to visualize the
difference/similarity among sample profiles and detect significant variables contributing
to these discrepancies among the eight paprika types. The data for PCA were evaluated for
each class of fatty acids, volatile compounds and polyphenols as a preliminary test. Very
strong positive correlations were obtained for C18:3(n6) with C16:1 (0.97), C18:0 (0.95) and
C14:0 (0.92), and it was negatively correlated with C18:2(c + t)(n6) (−0.98). In addition, a
strong positive correlation was obtained for C18:3(n3) with C18:0 (0.93), C16:1 (0.96) and
C14:0 (0.95), and it was strongly negatively correlated with C18:2(c + t)(n6) (−0.95). A
moderate correlation was obtained for C23:0 with C20:1 (0.71) (Figure 6a). Linoleic acid,
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C18:2, was positively correlated with the 18:1 isomer (0.95). Finally, C14:1 was positioned
alone and was not related to any other components in the PCA.

In the case of volatile compounds, four clusters can be observed. A very strong positive
correlation was obtained for d-carvone with camphene and β-pinene (0.99). Four clusters
of volatile compounds were identified (Figure 6b). The presence of aldehydes, alcohols,
esters, hydrocarbons and ketones contributes to the flavor of paprika varieties originating
from different countries.

 
(a) 

 
(b) 

Figure 6. Principal component analysis loading plot of PC1 and PC2 for fatty acids (a) and volatiles
and phenols (b) of different paprika varieties.
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4. Conclusions

This study conducted a comparative analysis of volatile compounds, fatty acids, cel-
lulose, hemicellulose, lignin and total polyphenols and evaluated the thermal behavior
among paprika samples from different countries. The thermal analysis of paprika sam-
ples was in agreement with the moisture evaporation of adsorbed water and solvent (at
64–73 ◦C and a mass loss of 3.6–4.6%), decomposition of volatile compounds (206–214 ◦C
and mass loss of 29.6–33.7%), decomposition of fatty acids and proteins (at 324–344 ◦C
and mass loss of 22.1–24.5%) and degradation of cellulose, hemicellulose and lignin (at
493–489 ◦C, 552–560 ◦C and 590–606 ◦C and mass loss of 33.7–41.5%). In total, 32 volatile
compounds divided into seven chemical classes were identified in the samples, including
16 hydrocarbons, 5 aldehydes, 4 ketones, 3 alcohols, 2 esters, 1 sulfur compound and
1 heterocyclic compound. The predominant aromas in paprika samples were citrus (29%,
limonene) and woody (28%), and other aromas identified in smaller quantities were green
(18%), fruity (11%), gasoline (10%) and floral (4%). The limonene was the most abun-
dant in the paprika samples, although its amount varied between samples as follows:
P7 (100%) > P8 (42.8%) > P6 (41.6%) > P3 (30.2%). The highest PUFA (ω-6) quantities were
found in hot pepper from Turkey, India, China and Hungary. Linoleic acid (C18:2(c + t))
is the major PUFA fatty acid. The highest SFA content was found in golden pepper. The
highest content of polyphenols was measured in P3 (10.9 g GA/kg), and the lowest content
was measured in P8 (5.11 g gallic acid/kg). This could be influenced by pepper variety
and also be dependent on the time of harvesting and processing. The obtained results
will help create new research perspectives regarding the use of paprika powders in the
food, cosmetic and pharmaceutical industries, thus creating new natural ingredients and
bioactive compounds.
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Abstract: Concerns regarding product quality and nutrition are raised due to the effects of high
temperatures on frying fats. The aim of this research was to examine the effects of temperature and
burdock extract addition in relation to quality parameters for dietary lard and goose fat exposed to
heating. In order to monitor quality changes, animal fats and 0.01% additivated fats were heated at
different temperatures (110, 130, 150, 170, 190, and 210 ◦C for 30 min). Thiobarbituric acid-reactive
substances test (TBARS), peroxide value (PV), iodine value (IV), acid value (AV), saponification
value (SV), total polar compounds (TPoC), total phenolic content (TPC), fatty acid (FA) content,
and microscopic examination were established in order to quantify the level of oxidative rancidity.
Heating temperature and additivation had a significant (p < 0.001) effect on peroxide value. In all
fats, values of thiobarbituric acid-reactive substances significantly (p < 0.001) increased with heating
temperature, but values decreased when burdock extract was added in a proportion of 0.01%. Positive
correlations were found between AV and PV for lard (r = 0.98; p < 0.001) and goose fat (r = 0.96;
p < 0.001). The heating temperature had a significant effect on total MUFAs in both lard and goose fat
(mostly in non-additivated fat). Statistical analysis of the data showed that the addition of burdock
extract at a concentration of 0.01% significantly (p < 0.01) reduced the installation of oxidation process
in alimentary fats heated at different temperatures. Animal fats were well protected from oxidation
by burdock extract, which demonstrated its efficacy as an antioxidant; it may be used to monitor the
fats oxidation and to estimate their shelf-life stability.

Keywords: goose fat; lard; burdock extract; heating; oxidative stability

1. Introduction

Since it allows for quick product preparation, frying is a widely utilized food prepara-
tion technique. The impact of high temperatures on fats and oils subjected to frying is a
serious concern for both product quality and nutrition because of the widespread use of
these fats. Fried foods are very popular among consumers because they have desirable
sensory properties such as crunchy texture, appealing colour, and unique flavours [1].
However, fats and oils undergo a variety of chemical reactions at high frying temperatures
which change the fried product’s flavour and the frying fat’s quality. The quality of frying
fat has a major impact on the taste, flavour, consumer acceptance, and shelf life of the fried
food [2].

Obtaining alimentary animal fats consists of melting fats obtained from raw materials
at a temperature between 65–75 ◦C, and then filtering them to remove water and solid
contaminants. A significant amount of these fats are used in Romanian cooking and frying
of various foods. Using animal fats in food preparation has nutritional benefits. The
fat-soluble vitamins A, E, D, and K, as well as important fatty acids, are transported by
dietary animal fats. Additionally, fats help these vitamins to be absorbed and transport
the vitamins and their precursors throughout the body. Dietary fats improve the flavour,
texture, and smell of the food. Moreover, they take more time to be digested in the stomach
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than proteins or carbohydrates, delaying the feeling of hunger. Fats not only supply energy
but also serve as the precursors of glycolipids and phospholipids, two crucial components
in cell membranes [3]. Several research studies have shown a correlation between the
consumption of animal fats in a balanced diet and a lower incidence of cardiovascular
illnesses and related risk factors, including obesity, insulin resistance, and tumours [4–6].

Common chemical processes when frying fat include hydrolysis, oxidation, and
polymerization, which result in the production of volatile or nonvolatile chemicals. These
reactions speed up the decomposition of the used frying fat by altering and modifying its
chemical composition [7]. Glycerides undergo partial hydrolysis, unsaturated fatty acids
undergo oxidative degradation, and the glycerol becomes dehydrated and transforms into
acrylic aldehyde throughout the heat process. Changes are encouraged by the faster rate of
oxidation and reactivity of the hydrolysis products, free fatty acids, mono- and diglycerides,
compared to the original triacylglycerides [8,9]. Fats undergo oxidation, which results in the
production of aldehydes, ketones, and dimerized triglycerides through oxygen bridges, free
or oxidized fatty acids, etc. Factors that increase oxidation include temperature, the type of
fat, the fat/air contact, and the rate at which food absorbs fat [10]. The primary reaction
resulting from high heat treatment is the cyclization of fatty acid molecules. The dimers
and polymers of triacylglycerides are the most significant class of alteration products from
a quantitative perspective, and the high temperatures attained throughout the process also
catalyse their synthesis [11,12]. New alterations occur during the autoxidation process,
including physical (an increase in viscosity and scum production), chemical (creation of
polymers, volatile chemicals), and organoleptic (flavour alteration, palatability, darkening).
The fried food absorbs the non-volatile substances which are kept in the fat and end up in
the consumer’s diet [13].

Since animal fats are primarily saturated and monounsaturated fats, they are more
heat-resistant and have a longer shelf life than vegetable fats. Reduced oxidation in animal
fats makes them less vulnerable to the toxins and cancer-causing substances produced when
using vegetable oil. Owing to their greater stability, food cooked in animal fats absorbs
less oil and fat [14]. Foods and vegetable oils which are rich in unsaturated fatty acids
are more vulnerable to oxidation. The oil is increasingly prone to oxidation and thermal
degradation as more highly unsaturated double bonds are present in the sample. Compared
to unsaturated oils, animal fats are safer and produce less carcinogenic compounds [9].

In the food industry, antioxidants are frequently utilized, especially those derived from
plants. Extracts made from the various burdock plant components have a range of pharma-
cological and biological properties, including antioxidant, anticancer, anti-inflammatory,
antidiabetic, antiviral, and antimicrobial effects. It was stated that burdock extract con-
tains chlorogenic, quinic, caffeic, p-coumaric, cinnamic, and gallic acids. Additionally, the
functional qualities of burdock inulin were demonstrated, as it showed a better oil-holding
capacity and promising swelling characteristics [15].

The antioxidant activity of phenolic compounds such us gallic, gentisic, protocatechuic,
syringic, vanillic, caffeic, and ferulic acids was studied in pork lard [16–18]. It has been
established that natural antioxidants are effective in stabilizing lard’s oxidative process and
the antioxidant activity declined with increasing temperatures. The effect of green tea ex-
tract on quality parameters and shelf life of animal fats during storage was investigated [19].
Organoleptic analyses revealed that, after a month of storage, no deterioration was seen
in samples with green tea extract. The benefits of adding plant extracts such as rosemary
extract, oregano, black tea, sage, and thyme to lard in order to inhibit lipid oxidation have
been the subject of various reports [20–22]. Their activity was effective in the inhibition of
fats oxidation at a concentration of 0.01%, and also exhibited antimicrobial efficiency.

Investigations assessing the antioxidative properties of natural antioxidants in dietary
fats are still lacking, and to the best of our knowledge, no investigations have been con-
ducted concerning the effects of burdock extract on the oxidative stability of lard and goose
fat subjected to heating.
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The goal of this study was to examine the impact of varying temperatures (110, 130,
150, 170, 190, and 210 ◦C) and the addition of burdock extract at a concentration of 0.01%
on the qualitative characteristics of lard and goose fat exposed to heating. Iodine value
(IV), peroxide value (PV), thiobarbituric acid-reactive substances (TBARS), acid value (AV),
saponification value (SV), total polar compounds (TPoC), total phenolic content (TPC),
fatty acid (FA) content, and microscopic examination are among the methods utilized for
the assessment of fats stability and monitoring of their degradation when heating. The
oxidation process in lard and goose fat subjected to heating was reduced by the addition of
burdock extract in a proportion of 0.01%.

2. Materials and Methods

2.1. Materials

Two categories of dietary fats were the subject of the study: lard and goose fat. These
fats were selected based on the differences and similarities between them. They differ in
the composition of polyunsaturated fatty acids (goose fat is richer compared to lard), but
they have a similar colour (white-yellowish) and similar consistency, and both can be used
as spreads or frying fats. Raw materials were collected immediately after slaughtering.
Mangalica pig fat from the recently obtained subcutaneous adipose tissue was melted
at 75 ◦C on a water bath. Goose fat was extracted from male and female goslings of the
Landaise breed at 18 weeks of age. Animals’ diets were based on soybean and corn meal,
with phosphorus, salt calcium, vitamins, and minerals. Animals’ diets were not enhanced
with long-chain polyunsaturated fatty acids or antioxidants. Approximately 500 g of raw
fat was divided into small pieces, heated at 75 ◦C on a water bath, centrifuged, and filtered.
The burdock was purchased from the local market. The leaves were manually separated,
cleaned with active chlorine, then dried in an air oven at 50 ◦C to a constant weight. The
solvent extraction method was used to obtain the extract. Crushed leaves were dipped
into a 70:29.5:0.5 v/v/v mixture of acetone, ethyl alcohol, and acetic acid, with a 1:10 ratio
for dehydrated leaves and solvent. After the mixture was triturated in a homogenizer
equipment, Velp OV 5 model (Velp Scientifica, Usmate Velate, Italy), it was vacuum filtered
through a grade 2 paper filter. The supernatants were then mixed. A rotary evaporator was
utilised to evaporate the remaining solvent at 60 ◦C [23].

In the melted fats, burdock extract was dissolved in the proportion of 0.01%
(0.01 g/100 g of fat). One sample was used without heating for each fat under study. About
50 g of fat was heated in an electric oven HBG633NB1 model (Bosch GmbH, Gerlingen-
Schillerhöhe, Germany) at 110, 130, 150, 170, 190 and 210 ◦C for 30 min. Glass vessels
with an air-exposed surface area of 80 cm3 were used for each fat and heating temperature.
Before being analysed, the cold samples were placed in glass tubes and refrigerated. Every
sample was examined using three replications. All chemicals utilised were of analytical
quality and were procured from Merck (Merck, Darmstadt, Germany).

2.2. Methods
2.2.1. Peroxide Value (PV) Determination

The UV-VIS T60U spectrophotometer (Bibby Scientific, London, UK) was used to
measure the peroxide value. Its operating temperature range was 5–45 ◦C, its field wave-
length was 190–1100 nm, and its wavelength precision was 0.1 nm. The procedure was
established on the spectrophotometer measurement of ferric ions (Fe3+), which are pro-
duced when hydroperoxides oxidize ferrous ions (Fe2+) in the presence of ammonium
thiocyanate (NH4SCN). Each solution’s absorbance was measured at 500 nm. Thiocyanate
ions (SCN−) combine with Fe3+ ions to create a red-violet homogeny that can be measured
spectrophotometrically. PV was measured by creating a calibration curve (absorbance at
500 nm vs. Fe3+, reported in μg). The peroxide value was given as meq O2 kg−1 fat [24].
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2.2.2. Thiobarbituric Acid-Reactive Substances Test (TBARS)

The following procedure was used to determine TBARS: TBA Reagent (0.02 M
2-thiobarbituric acid in 90% glacial acetic acid) was obtained, then a glass-stoppered test
tube containing 1 g of fat sample was filled with 5 mL of TBA reagent. The contents of the
tube were combined after it was stopped. The tube was then immersed for 35 min in a
boiling water bath. A blank for the TBA reagent in distilled water was made and handled
the same as the sample. The sample was heated and then allowed to cool for ten minutes
in tap water. After transferring a portion to a cuvette, the sample’s optical density was
read against the blank at a wavelength of 538 nm in a T60U spectrophotometer (Bibby
Scientific, London, UK) model spectrophotometer. By creating suitable dilutions of the
1 × 10−3 M 1,1,3,3-tetraethoxypropane standard solution, a standard curve was created to
provide amounts that vary from 1 × 10−8 to 7 × 10−8 mol of malondialdehyde in 1 mL.
The optical densities of these dilutions were measured at a wavelength of 538 nm after
they were treated with TBA reagent. The TBARS value was stated as mg malondialdehyde
(MDA) kg−1 fat [25].

2.2.3. Iodine Value (IV) Determination

The Hanus method was used to determine the iodine value. To halogenate the double
bonds, 0.5 g of sample (dissolved in 15 mL CCl4) was combined with 25 mL of Hanus
solution (IBr). After 30 min in the dark, the mixture was exposed to 20 mL of KI (100 g/L)
and 100 mL of distilled water, which converted the excess IBr to free I2. Titration was used
to quantify free I2 with 24.9 g/L Na2S2O3·5H2O using starch (1.0 g/100 mL) as an indicator.
The iodine value was represented as g I2 100 g−1 fat [24].

2.2.4. Acid Value (AV) Determination

Acid value (AV) was determined by using phenolphthalein as an indicator and sodium
hydroxide solution 0.1 N to neutralize the sample’s acidity. A conical flask containing
2 g of the material was filled with 50 mL of 99% ethanol that had been neutralized with
0.1 N NaOH and phenolphthalein as an indicator. After shaking the flask, two drops of
the phenolphthalein indicator solution were added, then the mixture was neutralized by
adding 0.1 N NaOH until a pale pink colour was formed. The acid value was reported as g
oleic acid 100 g−1 fat [24].

2.2.5. Saponification Value (SV) Determination

About 5.0 g of fat was mixed with 50 mL of 4% KOH solution, and the combination
was slowly heated until the sample was fully saponified. After that, it was titrated with
0.5 N HCl while 1% phenolphthalein was used as an indicator. The saponification value
was given as mg KOH g−1 fat [25].

2.2.6. Total Polar Compounds (TPoC) Determination

A cooking oil tester (Testo 265, Testo SE & Co. KGaA, Lenzkirch, Germany) was
used to measure the total polar compounds (TPoC). This instrument provides the content
of polar materials with an accuracy of +/−2%. The analysis was carried out by putting
the sensor into heated oil and, after about 30 s, reading the temperature and the TPoC
content in % from the display. The sensor was calibrated with the manufacturer-supplied
calibration oil. Between measurements, the equipment was cleaned with warm water and
a neutral detergent. According to Mlcek et al. [26], the allowed limit for TPoC has been
established as being 25%.

2.2.7. Total Phenolic Content (TPC) Determination

TPC content was calculated using Folin–Ciocalteu reagent in accordance with the
method of Singleton and Orthofer [27]. Folin–Ciocalteu reagent in a volume of 0.5 mL was
combined with 0.1 mL of oil after being diluted 1:10 with distilled water. Before adding
1.7 mL of sodium carbonate solution (20%), the mixture was left to stand at 25 ◦C for five
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minutes. After 20 min of incubation with agitation at room temperature, 10 mL of distilled
water was added to the mixture and the absorbance was measured at λ = 735 nm. The
outcomes were stated as mg of gallic acid kg−1 of fat.

2.2.8. GC Analysis

In a round-bottomed flask, 2 mL of sample was added, along with 20 mL of sulphuric
acid methanol solution and three pieces of porous porcelain. The flask was placed in a
water bath and boiled for approximately 60 min with a reflux cooler attached. Clarifying
the solution and observing that there are no longer any fat globules indicated that the
reaction was complete. The flask’s contents were allowed to cool to room temperature
and then was quantitatively passed in a separatory funnel using 20 mL of water. Twenty
millilitres of heptanes were used in two steps of the methyl esters’ extraction. Following
the addition of the extracts into a second separatory funnel, the extracts were thoroughly
cleaned with 20 mL of water using methyl orange to ensure that all traces of sulphuric acid
were absent.

The extracts were filtered into a flask after being dehydrated by the addition of
anhydrous sodium sulphate. Solvent traces were eliminated from the sample by nitrogen
blowing after the solvent was distilled out in a water bath under vacuum. Following the
collection of methyl esters in 1 mL of hexane, 1 μL of the sample was put into the gas
chromatograph. A Shimadzu GC-17 A gas chromatograph (Shimadzu, Tokyo, Japan) in
conjunction with a flame ionization detector was used to evaluate the composition of fatty
acids. Alltech AT-Wax (60 m × 0.32 mm × 0.5 μm) is the gas chromatography column
and stationary phase (polyethylene). At 147 kPa of pressure, helium was used as carrier
gas, and the injector and detector temperatures were set to 260 ◦C. The program of the
oven was the following: 70 ◦C for 2 min, after which the temperature was increased to
150 ◦C with a gradient of 10 ◦C min−1, for a 3 min level, then the temperature was raised
to 235 ◦C with a gradient of 4 ◦C min−1. Comparing the results with standards allowed for
the identification and measurement of fatty acids. Results were expressed as g 100 g−1 [24].

2.2.9. Microscopic Examination

An Optika-B290 microscope with a tablet was used for the microscopic investigation
(Optika, Ponteranica, Italy). Technical characteristics were the following: binocular, 360◦
rotating and 30◦ inclined; built-in 3.1 MP camera; interpupillary distance from 48 to 75 mm;
vernier scale on the two axes, accuracy: 0.1 mm; double layer rackless mechanical sliding
stage, 150 × 139mm, 75 × 33 mm X-Y movement range; objectives: N-PLAN 4×/0.10,
N-PLAN 10×/0.25, N-PLAN 40×/0.65, N-PLAN 100×/1.25.

2.2.10. Statistical Analysis

The impact of antioxidant addition and heating temperature on the physicochemical
parameters of lard and goose fat were examined using factorial ANOVA with the General
Linear Model in Minitab 16.1.0 (LEAD Technologies, Inc., Charlotte, NC, USA). Each sample
was examined using three replications. Tukey’s honest significance test was performed at a
level of 95% confidence (p < 0.05). The degree of connection between chemical parameters
was estimated using Pearson’s correlation (α = 0.05) and two-tailed probability values.

3. Results and Discussion

The goal of this study was to determine the impact of 0.01% burdock extract added in
two alimentary fats (lard and goose), which are commonly used in Romania for culinary
cooking, in terms of their oxidative stability and rates of deterioration at various heating
temperatures (110, 130, 150, 170, 190, and 210 ◦C). Chemical analysis results and fatty acid
composition for fats and 0.01%-additivated fats upon heating are presented in Tables 1–4.
All the measured parameters were significantly impacted by the heating temperature, with
IV and SV being the least affected. PV, TBARS, and TPoC were significantly (p < 0.01)
influenced by the additive × heat treatment interaction and significantly (p < 0.001) affected
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by the fat type × additive × heat treatment interaction. The first- and second-degree
interactions had a significant (p < 0.05) effect on IV and a significant (p < 0.01) impact on
AV (Table 1).

Table 1. The impact of the fat type, additivation, heat treatment, and their first- and second-degree
interactions, on PV (meq O2 kg−1 fat), TBARS (mg MDA kg−1 fat), IV (g I2 100 g−1 fat), AV (g oleic
acid 100 g−1 fat), SV (mg KOH g−1 fat), TPoC (%), and TPC (mg gallic acid kg−1 fat).

Factor PV TBARS IV AV SV TPoC TPC

Fat type
Lard 4.02 a 3.15 a 81.2 b 0.29 a 195 b 1.4 a 164 a

Goose fat 5.19 b 5.38 b 82.5 a 0.20 b 198 a 1.6 b 168 b

p <0.01 ** <0.001 *** <0.01 ** <0.01 ** <0.01 ** <0.05 * <0.05 *

Additivation
Non-additivated 5.60 a 4.56 a 82.7 b 0.45 a 198 a 2.7 a 165 a

Additivated with 0.01%
burdock extract 4.40 b 3.20 b 83.2 a 0.39 b 195 b 1.5 b 184 b

p <0.001 *** <0.001 *** <0.05 * <0.01 ** <0.01 ** <0.01 ** <0.01 **

Heat treatment
Unheated 1.95 f 0.96 g 84.7 a 0.21 f 195 e 1.4 a 164 a

110 ◦C 2.46 e 1.14 f 84.5 a 0.28 e 196 de 1.9 161 b

130 ◦C 3.16 d 1.87 e 84.1 b 0.35 d 197 d 2.7 ab 157 c

150 ◦C 5.47 c 2.98 d 83.2 b 0.41 c 198 c 3.8 a 149 d

170 ◦C 7.64 b 4.56 c 81.5 c 0.63 b 200 bc 5.3 ab 142 e

190 ◦C 8.84 a 6.48 b 80.4 c 0.78 ab 201 b 8.2 ab 135 f

210 ◦C 8.70 a 7.64 a 78.6 d 0.86 a 204 a 12.4 b 118 g

p <0.001 *** <0.001 *** <0.01 ** <0.001 *** <0.01 ** <0.001 *** <0.001 ***

Additive * Heat treatment
Additive * unheated 1.83 e 0.84 d 76.8 a 0.25 d 194 b 1.1 a 172 a

Additive * 110 ◦C 2.54 d 1.16 cd 76.3 a 0.27 cd 194 b 1.8 ab 170 a

Additive * 130 ◦C 2.96 cd 1.85 c 75.5 b 0.32 c 195 ab 2.7 b 162 b

Additive * 150 ◦C 3.48 c 2.17 bc 75.1 b 0.39 c 195 ab 3.5 bc 154 bc

Additive * 170 ◦C 6.53 bc 3.61 b 74.3 c 0.46 bc 195 ab 4.9 c 141 c

Additive * 190 ◦C 7.12 b 5.28 ab 74.1 c 0.57 b 196 a 5.8 cd 132 cd

Additive * 210 ◦C 8.51 a 6.44 a 73.4 cd 0.69 a 196 a 7.2 d 125 d

p <0.01** <0.01 ** <0.05 * <0.01 ** ≥0.05 <0.01 ** <0.05 *

Fat type * additive * heat
treatment

Lard * additive * unheated 1.72 f 0.82 f 74.3 c 0.25 de 193 c 0.8 a 162 bc

Lard * additive * 110 ◦C 1.94 f 1.05 f 74.2 c 0.27 d 193 c 1.5 b 157 c

Lard * additive * 130 ◦C 2.26 e 1.79 e 73.5 cd 0.34 c 194 bc 2.2 bc 144 cd

Lard * additive * 150 ◦C 3.15 d 2.36 de 72.1 cd 0.46 bc 195 b 3.4 c 132 d

Lard * additive * 170 ◦C 5.03 bc 3.09 d 71.9 cd 0.65 b 197 ab 5.1 d 123 de

Lard * additive * 190 ◦C 5.98 bc 4.26 c 69.7 d 0.77 ab 198 ab 6.7 e 114 e

Lard * additive * 210 ◦C 6.85 b 6.11 b 68.7 d 0.81 a 199 a 8.2 ef 103 ef

Goose * additive *
unheated 2.13 e 1.12 ef 86.3 a 0.21 de 194 bc 1.4 b 187 a

Goose * additive * 110 ◦C 2.38 e 1.32 ef 86.0 a 0.24 d 195 b 1.8 b 182 ab

Goose * additive * 130 ◦C 3.09 d 1.92 e 85.4 ab 0.32 c 195 b 3.5 c 175 b

Goose * additive * 150 ◦C 4.31 c 3.85 cd 84.3 ab 0.41 bc 196 b 4.6 cd 166 bc

Goose * additive * 170 ◦C 6.36 b 4.21 c 82.9 b 0.55 bc 198 ab 7.2 e 152 c

Goose * additive * 190 ◦C 7.34 ab 6.34 b 81.7 b 0.63 b 199 a 8.6 ef 146 cd

Goose * additive * 210 ◦C 8.45 a 7.48 a 79.6 bc 0.72 ab 200 a 12.7 f 138 d

p <0.001 *** <0.001 *** <0.05 * <0.01 ** <0.05 * <0.001 *** <0.01 **

PV, peroxide value; TBARS, thiobarbituric acid-reactive substances; IV, iodine value; AV, acid value; SV, saponifica-
tion value; TPoC total polar compounds; TPC, total phenolic content. Values are indicated as mean. Variations in
the same column’s letters denote statistically significant differences at p < 0.05 (Tukey’s test). Significant differences
are denoted by asterisks: * p < 0.05; ** p < 0.01; *** p < 0.001; p ≥ 0.05, non-significant.
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Table 2. Monitoring of quality parameters in lard (non-additivated and additivated with 0.01%
burdock extract) exposed to heating at different temperatures.

Lard
Heating
Tempera-

ture

PV (meq O2

kg−1 Fat)

TBARS (mg
MDA kg−1

Fat)

IV (g I2

100 g−1

Fat)

AV (g Oleic
Acid

100 g−1 Fat)

SV (mg
KOH g−1

Fat)
TPoC (%)

TPC (mg
Gallic Acid
kg−1 Fat)

Non-
additivated

Unheated 1.76 i ± 0.02 0.84 k ± 0.01 74.7 a ± 0.3 0.25 h ± 0.02 194 e ± 0.1 1.1 i ± 0.3 148 g ± 0.4
110 ◦C 2.24 g ± 0.03 1.26 f ± 0.05 74.2 a ± 0.1 0.31 h ± 0.07 196 d ± 0.6 2.3 g ± 0.5 141 f ± 0.5
130 ◦C 3.18 f ± 0.01 2.13 e ± 0.04 73.5 b ± 0.4 0.42 f ± 0.02 197 d ± 0.7 3.7 f ± 0.4 134 e ± 0.3
150 ◦C 4.85 e ± 0.04 3.25 d ± 0.02 71.4 c ± 0.3 0.59 e ± 0.05 198 c ± 0.5 4.8 e ± 0.6 122 d ± 0.2
170 ◦C 7.02 b ± 0.07 4.78 c ± 0.07 70.2 d ± 0.2 0.78 c ± 0.04 199 c ± 0.4 7.9 c ± 0.5 113 c ± 0.1
190 ◦C 8.79 a ± 0.05 5.48 b ± 0.03 68.5 e ± 0.1 0.84 b ± 0.03 201 b ± 0.2 9.5 b ± 0.4 104 b ± 0.2
210 ◦C 7.65 b ± 0.06 7.62 a ± 0.08 66.1 f ± 0.5 0.94 a ± 0.02 203 a ± 0.1 10.7 a± 0.2 96 a ± 0.4

Additivated
with
0.01%
burdock
extract

Unheated 1.75 i ± 0.02 0.83 k ± 0.04 74.5 a ± 0.4 0.24 h ± 0.01 194 e ± 0.3 0.9 i ± 0.3 163 i ± 0.2
110 ◦C 2.11 h ± 0.01 1.02 g ± 0.07 74.1 a ± 0.5 0.28 h ± 0.05 194 e ± 0.4 1.6 h ± 0.2 156 h ± 0.3
130 ◦C 2.47 g ± 0.03 1.83 f ± 0.01 73.4 b ± 0.3 0.36 g ± 0.06 195 d ± 0.8 2.4 g ± 0.5 145 f ± 0.5
150 ◦C 3.72 f ± 0.04 2.41 e ± 0.02 72.4 c ± 0.2 0.48 e ± 0.02 196 d ± 0.5 3.5 f ± 0.6 131 e ± 0.4
170 ◦C 5.84 d ± 0.07 3.26 d ± 0.03 71.7 d ± 0.1 0.64 d ± 0.04 198 c ± 0.6 5.3 e ± 0.4 124 d ± 0.1
190 ◦C 6.23 c ± 0.05 4.52 c ± 0.06 69.5 e ± 0.6 0.78 c ± 0.01 200 c ± 0.2 6.9 d ± 0.1 112 c ± 0.2
210 ◦C 7.36 b ± 0.02 6.38 b ± 0.08 68.4 e ± 0.1 0.82 b ± 0.02 201 b ± 0.4 8.3 b ± 0.8 102 b ± 0.4

PV, peroxide value; TBARS, thiobarbituric acid-reactive substances; IV, iodine value; AV, acid value; SV, saponifi-
cation value; TPoC total polar compounds; TPC, total phenolic content. Values are expressed as mean ± standard
deviation of three replicates for each parameter. Variations in the same column’s letters denote statistically
significant differences at p < 0.05 (Tukey’s test).

Table 3. Monitoring of quality parameters in goose fat (non-additivated and additivated with 0.01%
burdock extract) exposed to heating at different temperatures.

Goose
Fat

Heating
Temperature

PV (meq O2

kg−1 Fat)

TBARS (mg
MDA kg−1

Fat)

IV (g I2

100 g−1 Fat)

AV (g Oleic
Acid 100 g−1

Fat)

SV (mg
KOH g−1

fat)
TPoC (%)

TPC (mg
Gallic Acid
kg−1 Fat)

Non-
additivated

Unheated 2.28 i ± 0.07 1.16 k ± 0.03 86.8 a ± 0.3 0.22 h ± 0.03 195 e ± 0.4 1.4 i ± 0.2 164 f ± 0.2
110 ◦C 2.76 g ± 0.05 1.54 f ± 0.02 86.1 a ± 0.1 0.29 g ± 0.04 196 d ± 0.8 2.8 g ± 0.4 160 e ± 0.1
130 ◦C 3.96 f ± 0.03 2.85 e ± 0.03 84.3 b ± 0.4 0.37 f ± 0.07 196 d ± 0.6 4.3 e ± 0.1 152 d ± 0.4
150 ◦C 5.94 e ± 0.02 3.91 d ± 0.06 82.7 c ± 0.3 0.51 d ± 0.02 198 c ± 0.2 5.8 e ± 0.6 143 c ± 0.5
170 ◦C 8.58 d ± 0.06 5.74 c ± 0.04 81.3 d ± 0.2 0.69 c ± 0.05 200 c ± 0.3 8.6 c ± 0.7 135 c ± 0.3
190 ◦C 9.71 a ± 0.02 7.25 b ± 0.01 78.6 e ± 0.1 0.78 b ± 0.01 202 b ± 0.1 10.3 b ± 0.3 128 b ± 0.6
210 ◦C 8.32 c ± 0.04 8.54 a ± 0.07 77.4 f ± 0.5 0.88 a ± 0.06 204 a ± 0.5 15.1 a± 0.9 115 a ± 0.5

Additivated
with
0.01%
burdock
extract

Unheated 2.15 j ± 0.03 1.15 k ± 0.02 86.2 a ± 0.2 0.22 h ± 0.04 194 f ± 0.7 1.5 i ± 0.1 185 i ± 0.1
110 ◦C 2.31 i ± 0.04 1.32 g ± 0.05 86.1 a ± 0.1 0.25 g ± 0.03 195 e ± 0.2 1.9 h ± 0.4 181 h ± 0.2
130 ◦C 3.14 h ± 0.02 1.96 f ± 0.04 85.2 b ± 0.4 0.31 f ± 0.02 196 d ± 0.4 3.6 f ± 0.6 174 g ± 0.3
150 ◦C 4.35 f ± 0.01 2.85 e ± 0.03 84.3 c ± 0.6 0.43 e ± 0.05 197 e ± 0.7 4.8 e ± 0.5 165 f ± 0.8
170 ◦C 7.26 d ± 0.06 4.51 d ± 0.06 82.8 d ± 0.3 0.56 d ± 0.07 199 c ± 0.1 7.1 d ± 0.3 153 d ± 0.2
190 ◦C 7.83 bc ± 0.05 6.27 c ± 0.02 81.4 e ± 0.5 0.62 c ± 0.04 200 c ± 0.4 8.7 c ± 0.2 145 c ± 0.4
210 ◦C 9.05 ab ± 0.02 7.23 b ± 0.01 79.3 f ± 0.2 0.71 b ± 0.02 202 b ± 0.2 12.8 b ± 0.7 139 b ± 0.5

PV, peroxide value; TBARS, thiobarbituric acid-reactive substances; IV, iodine value; AV, acid value; SV, saponifi-
cation value; TPoC total polar compounds; TPC, total phenolic content. Values are expressed as mean ± standard
deviation of three replicates for each parameter. Variations in the same column’s letters denote statistically
significant differences at p < 0.05 (Tukey’s test).
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Table 4. Variations in fatty acid content (g 100 g−1 fat) of dietary fats exposed to heating at 210◦C.

Fatty Acids

Lard Goose Fat

Non-Additivated
(Control)

Non-Additivated
Fat Subjected to

Heating at
210 ◦C

Burdock Extract
Additivated Fat

Subjected to
Heating at

210 ◦C

Non-Additivated
(Control)

Non-Additivated
Fat Subjected to

Heating at
210 ◦C

Burdock Extract
Additivated Fat

Subjected to
Heating at

210 ◦C

Myristic (14:0) 0.52 a ± 0.04 0.73 a b ± 0.06 0.87 b ± 0.09 0.31 a ± 0.10 0.52 b ± 0.05 0.36 a ± 0.05
Pentadecanoic
(C15:0) 0.65 a ± 0.06 0.86 b ± 0.01 0.86 b ± 0.02 0.52 a ± 0.14 0.67 ab ± 0.07 0.58 a ± 0.04
Palmitic (C16:0) 1.80 a ± 0.10 1.88 a ± 0.08 1.84 a ± 0.13 0.61 a ± 0.12 0.72 a ± 0.12 0.62 a ± 0.12
Palmitoleic
(C16:1) 1.18 a ± 0.13 1.15 a ± 0.13 1.28 a ± 0.11 1.85 a ± 0.03 1.45 b ± 0.02 1.59 b ± 0.07
Hexadecadienoic
(C16:2) 0.77 a ± 0.05 0.45 b ± 0.11 0.36 b ± 0.04 0.78 a ± 0.08 0.62 a ± 0.09 0.61 a ± 0.06
Hexadecatrienoic
(C16:3) 0.56 a ± 0.02 0.34 ab ± 0.12 0.21 b ± 0.09 0.56 a ± 0.04 0.32 b ± 0.10 0.48 a ± 0.08
Hexadecatetranoic
(C16:4) 0.19 a ± 0.06 0.17 a ± 0.01 0.13 a ± 0.01 0.59 a ± 0.11 0.37 ab ± 0.15 0.54 a ± 0.13
Heptadecanoic
(C17:0) 0.86 a ± 0.03 1.03 ab ± 0.05 1.17 b ± 0.05 0.51 a ± 0.05 0.64 ab ± 0.06 0.57 a ± 0.09

Stearic (C18:0) 0.93 a ± 0.09 1.07 a ± 0.02 1.09 a ± 0.15 0.32 a ± 0.09 0.33 a ± 0.08 0.31 a ± 0.11
Oleic (C18:1) 2.24 a ± 0.14 1.86 ab ± 0.09 2.16 a ± 0.13 1.49 a ± 0.13 1.22 ab ± 0.03 1.46 a ± 0.05
Linoleic (C18:2) 0.41 a ± 0.11 0.33 ab ± 0.07 0.36 a ± 0.10 0.66 a ± 0.04 0.45 b ± 0.08 0.50 b ± 0.08
Linolenic (C18:3) 0.27 a ± 0.12 0.18 ab ± 0.03 0.22 a ± 0.11 0.56 a ± 0.06 0.42 b ± 0.01 0.47 ab ± 0.01
Stearidonic acid
(C18:4) 0.08 a ± 0.05 0.07 a ± 0.06 0.07 a ± 0.07 0.79 a ± 0.15 0.54 b ± 0.04 0.84 a ± 0.13

Total FA 10.58 a ± 0.88 10.07 b ± 0.67 10.75 a ± 1.09 9.58 a ± 0.95 8.29 b ± 0.90 8.41 b ± 1.03
Total SFA 4.20 a ± 0.32 4.96 ab ± 0.06 4.93 ab ± 0.44 2.32 a ± 0.32 2.58 ab ± 0.32 2.38 a ± 0.40
Total MUFA 4.07 a ± 0.27 3.65 b ± 0.22 4.03 a ± 0.23 2.37 a ± 0.16 3.08 c ± 0.05 2.63 b ± 0.12
Total PUFA 2.29 a ± 0.30 1.42 c ± 0.40 1.79 b ± 0.42 3.76 a ± 0.48 2.61 c ± 0.47 3.40 b ± 0.50

FA, fatty acids; SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty
acids. Values are expressed as mean ± standard deviation of three replicates for each parameter. For each type of
animal fat, different letters in the same row indicate statistically significant differences at p < 0.05 (Tukey’s test).

3.1. Effect of Additivation and Heat Treatment on Peroxide Value (PV)

The number of peroxides generated during fat oxidation is shown by the peroxide
value, which quantifies the primary lipid oxidation. It has been shown that lipid oxidation
products such peroxides, free radicals, malonaldehyde, and other products of cholesterol
oxidation promote atherosclerosis and coronary heart disease [28]. The peroxide index
values were lower in unheated animal fats. The effects of additivation and heating temper-
ature on the peroxide value were statistically significant (p < 0.001) (Table 1). The lowest
PV was found in lard (Table 2), and the highest was observed in goose fat (Table 3).

The non-additivated fat had the highest peroxide index level, independent of the
heating temperature. The highest intensity of peroxide production was observed at 180 ◦C,
and above this temperature, decomposition was observed. This pattern could be explained
by the fact that peroxides are not heat-resistant and that high temperatures reduce their
concentration. Peroxides are characteristic during early heating and decompose at high
temperatures. The tendency for the peroxide value (PV) in non-additivated animal fats
to decrease could be caused by the melting pretreatment’s hydroperoxide-generating
effect, which could have been broken down by heating. The fat samples with 0.01%
burdock extract presented lower values for PV compared to non-additivated samples.
Therefore, a lower number of primary oxidation compounds were determined in burdock
additivated fats.

Szabó et al. [29] state that peroxide breakdown takes place at a critical temperature
between 190 and 200 ◦C. This is supported by our data, which show that peroxide gener-
ation peaked at 190 ◦C and that breakdown predominated above this temperature. The
PVs of the lard and goose fat samples were significantly affected (p < 0.001) by the applica-
tion of antioxidants (Table 1). According to the results, pork fat produced less peroxides
when heated, and therefore, was more stable. The oxidation of both fats occurs at higher
heating temperatures, leading to a greater breakdown of polyunsaturated fatty acids and
the creation of oxidation products. The development of oxidation products was greatly
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delayed by the addition of burdock extract in a proportion of 0.01%; however, because of
an increased rate of initiation reactions, antioxidant activity decreased with temperature.

A rise in PV during heating or frying of fats and oils has been reported by several
researchers [30–32]. A study was conducted utilizing the Oxipres apparatus to examine
temperature’s effect on the antioxidant activity of α- and δ-tocopherol in pork lard [33].
The research demonstrated that the activity of α-tocopherol remained constant between
80 and 110 ◦C and decreased with rising temperatures. Pop and Mihalescu [24] investigated
the stability of goose, duck, and chicken fats with the addition of natural antioxidants
(α-tocopherol and citric acid) during refrigerated and frozen storage. The researchers
showed that the results for peroxide value and the thiobarbituric acid-reactive substances
test increased with temperature. Furthermore, as storage time increased, the variations in
PV and TBARS also increased. The thermal oxidation of tallow was investigated by Song
et al. [34], who examined the volatile chemicals produced under various oxidation circum-
stances, the peroxide value, acid value, and the p-anisidine value (p-AV). The researchers
found that, when heated at 140 ◦C for two hours, the levels of beef-flavour precursors,
including hexanal, (E,E)-2,4-decadienal, 1-octen-3-ol, and (E,E)-2,4-heptadienal, achieved
their highest value. PV and p-AV were both at high levels while AV was relatively low at
the same temperature. The impact of natural and synthetic antioxidants and synergists
(green tea extract, rosemary extract, sage extract, α-tocopherol, tocopherol mixture, propyl
gallate, citric acid, caffeic acid, ascorbic acid, rosmarinic acid) on the oxidative stability
of goose fat was examined using the Schaal Oven test [35]. The results showed that, in
goose fat, green tea extract has the strongest antioxidant activity, but rosemary extract in
combination with a synergist showed a greater fat-protective factor against oxidation than
that of pure rosemary extract. Also, when a blend of tocopherols was used instead of sage
extract, the fat was stabilized more effectively.

3.2. Effect of Additivation and Heat Treatment on Thiobarbituric Acid-Reactive Substances
Test (TBARS)

The quantity of secondary oxidation compounds (ketones, aldehydes, or other matrix
compounds) present in the fat sample is measured by TBARS. As for the peroxide value,
the values of thiobarbituric acid-reactive compounds increased significantly (p < 0.001) in
all fats with increasing heating temperatures, but decreased with the addition of burdock
extract in a proportion of 0.01%. The results for TBARS increased from 0.84 to 7.62 mg MDA
kg−1 in pork lard without antioxidant and to 6.38 mg MDA kg−1 in burdock-additivated
lard exposed to heating at 210 ◦C; from 1.16 to 8.52 mg MDA kg−1 in goose fat without
antioxidant and to 7.23 mg MDA kg−1 in burdock-additivated goose fat subjected to
heating at 210 ◦C. The TBARS value of non-additivated goose fat heated to 210 ◦C was
higher than the permissible limit of 8 mg MDA kg−1 fat. TBARS was significantly affected
(p < 0.001) by the additivation, type of fat, and heating temperature (Table 1). Regardless
of the heating temperature, the highest level of TBARS was detected in fat without an
antioxidant. There were significant positive correlations between PV and TBARS in both
goose fat (r = 0.93; p < 0.001) and lard (r = 0.96; p < 0.001). As for the peroxide value, the
values of thiobarbituric acid-reactive compounds increased significantly (p < 0.001) in all
fats with increasing heating temperatures, but decreased with the addition of burdock
extract in a proportion of 0.01%. This is consistent with earlier research on chicken and
duck fat, which found that temperature affects the development of TBARS [6].

The potential of some phenolic compounds to prevent the oxidation of butter was
evaluated by Soulti and Roussis [36]. Thiobarbituric acid-reactive substances and peroxide
values were monitored during butter heating at 50 ◦C and at 110 ◦C. The results showed
that butylated hydroxyanisole at 200 mg L−1 was equally efficient at suppressing butter
oxidation at 50 ◦C as caffeic acid, gallic acid, and catechin at 80 mg L−1. Furthermore,
gallic acid was more efficient than butylated hydroxyanisole at inhibiting the oxidation
of butter at 110 ◦C. Moslavac et al. [37] studied the effect of natural antioxidants (sage
extract, rosemary extract, olive pomace extract, α-tocopherol, mixture tocopherol) on the
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oxidative stability of pork fat using the sustainability test at 98 ◦C. The results showed that
rosemary extract more effectively protected pork fat against oxidation compared to the
other antioxidants we tested. It was reported that heating chicken fat at 70 ◦C and storing
it for two and four days significantly increased the amount of lipid oxidation, as shown by
TBARS. When heating temperature increased, there was a significant (p < 0.05) decreased
in both monounsaturated and polyunsaturated fatty acids [5].

The oxidative stability of duck, chicken, pork, and bovine fats was evaluated during
a period of 90 day of storage at 60 ◦C [11]. The study showed that the TBARS value was
significantly higher in duck fat at the beginning of the storage period (10 to 40 days), and
that the value in chicken fat was relatively higher than in pork and bovine fats (10 to
20 days). The results also showed that the higher rate of lipid peroxidation in chicken
and duck fats was due to the higher contents of PUFAs which were more susceptible
to oxidation. The lower TBARS value determined in bovine fat was due to the higher
SFAs content which are less vulnerable to lipid oxidation. Also, the PV levels which
were higher in duck, chicken, and swine fat have caused the higher TBARS values. The
unstable peroxides can be the result of polyunsaturated fatty acids decomposition; therefore;
researchers suggested the addition of antioxidants to duck and chicken fats for improving
their oxidative stability during storage.

3.3. Effect of Additivation and Heat Treatment on Iodine Value (IV)

The heating temperature significantly (p < 0.01) reduced the iodine index values for all
types of fats. A decrease in iodine values from 74.7 to 66.1 g I2 100 g−1 was observed in pork
lard without an antioxidant and to 68.4 g I2 100 g−1 in burdock-additivated lard exposed
to heating at 210 ◦C; from 86.8 to 77.4 g I2 100 g−1 in goose fat without an antioxidant
and to 79.3 g I2 100 g−1 in burdock-additivated goose fat exposed to heating at 210 ◦C.
IV was significantly (p < 0.01) influenced by the fat type and heating temperatures, and
significantly (p < 0.05) influenced by the additivation. Fatty acid unsaturation is reduced,
as indicated by the decrease in IV levels. The decrease in iodine value during heating
indicated a higher rate of oxidation, which may be ascribed to double bond oxidation
and polymerization processes. Strong negative correlations between IV and TBARS were
determined in lard (r = −0.98; p < 0.001) and goose fat (r = −0.96; p < 0.001). In the study
conducted by Farhooshi and Moosavi [38], fish crackers were fried at 180 ◦C for 5 h per day
for four consecutive days using an ethanolic citrus peel extract mixed to palm olein at a 0.2%
concentration. Iodine value, totox value, peroxide value, and viscosity analyses showed
that the orange peel extract had strong antipolymerization and antioxidant properties [38].
Gharby et al. [39] studied the effect of heat treatment on vegetable fats, and a slight decrease
in iodine value was observed after 3 h of heating at 180 ◦C.

3.4. Effect of Additivation and Heat Treatment on Acid Value (AV)

When assessing the hydrolysis extension in fats during the heat process, free acidity
is an analytical parameter that is utilized. An increase in this parameter, which is a direct
result of hydrolysis and a key marker of the chemical degradation of fat, denotes a larger
concentration of free fatty acids in animal fat. At the highest temperatures, the rate of
growth in the AV of the fats tended to slow down. The AV increased in parallel with
the intensity of heating. The non-additivated fat had the highest AV level, regardless of
the heating temperature. Heating at 210 ◦C produced the largest amount of free fatty
acids. Acid value increased from 0.25 to 0.94 g oleic acid 100 g−1 in pork lard without
an antioxidant and to 0.82 g oleic acid 100 g−1 in burdock-additivated lard exposed to
210 ◦C during heating; from 0.22 to 0.88 g oleic acid 100 g−1 in goose fat without an
antioxidant and to 0.71 g oleic acid 100 g−1 in burdock-additivated goose fat exposed to
heating at 210 ◦C. Strong positive correlations between AV and PV were found in lard
(r = 0.98; p < 0.001) and goose fat (r = 0.96; p < 0.001). Acid value was significantly (p < 0.01)
influenced by the fat type and additivation, and significantly (p < 0.001) influenced by
heating temperature. A rise in the acid value of goose fat and Mangalica-pig lard exposed
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to heating at seven temperatures (140, 150, 160, 165, 170, 175, and 180 ◦C) was reported
by Szabó et al. [29]. Thermooxidative structural changes in fats were investigated by
Gertz et al. [28] at ambient temperatures, under a frying temperature of 170 ◦C, and under
accelerated conditions using 110 ◦C. The results of the study indicated that the iodine value
and the Rancimat test at 110 ◦C had a strong negative correlation, whereas the anisidine
and acid values showed a weak correlation.

3.5. Effect of Additivation and Heat Treatment on Saponification Value (SV)

The lipids’ average molecular weights are indicated by the saponification value. Ox-
idative rancidity increases SV by oxidizing fatty acids, which forms aldehydes and ketones.
Strong positive correlations between AV and SV were determined in pork lard (r = 0.94;
p < 0.001), and goose fat (r = 0.97; p < 0.001). All treatments had a significant (p < 0.01)
impact on saponification value. For both lard and goose fat, saponification value increased
significantly (p < 0.01) with heating temperature. In a model of frying at 180 ◦C, Patel
et al. [40] found that the stability of clarified butterfat supplemented with 0.5% commercial
steam-distilled coriander extract and oleoresin has been significantly improved. The steam-
distilled extract performed better than the oleoresin, according to the measurements for
conjugated dienes, peroxide value, thiobarbituric acid value, saponification value, and the
Rancimat at 120 ◦C.

3.6. Effect of Additivation and Heat Treatment on Total Polar Compounds (TPoC)

During heating, peroxides and hydroperoxides produce total polar compounds, which
include alcohol, nonvolatile products, ketones, aldehydes, and short-chain fatty acids. In
every sample that was subjected to heating, the TPoC values were below the limit of 25%.
In comparison to pork lard, goose fat exhibited greater values of TPoC, which increased in
parallel with the heating temperature. The heating temperature had a significant (p < 0.001)
effect on the TPoC values, as shown in Table 1. The formation of TPoC was significantly
(p < 0.01) reduced by the addition of burdock extract at a concentration of 0.01%. Qiuyu
et al. [41] studied the thermal behaviour and antioxidant effect of rosemary extract on
chicken fat. A synchronization was seen between the reduction in antioxidant capacity and
weight loss, as the researchers discovered that rosemary extract was stable below 200 ◦C
and that phenolics were resistant below 130 ◦C.

3.7. Effect of Additivation and Heat Treatment on Total Phenolic Content (TPC)

The heat treatment at 210 ◦C resulted in a decrease in total phenolic content from 148
to 96 mg gallic acid kg−1 in pork lard and from 163 to 102 mg gallic acid kg−1 in additivated
lard under heating at 210 ◦C (Table 2). Total phenolic content decreased from 164 to 115 mg
gallic acid kg−1 in goose fat exposed to heating at 210 ◦C and from 185 to 139 mg gallic acid
kg−1 in additivated goose fat under heating at 210 ◦C (Table 3). Total phenolic content was
reduced by 35% in pork lard without an antioxidant and by 23% in burdock-additivated
lard under heating. For goose fat, the reduction was about 30% in non-additivated fat, and
about 19% in burdock-additivated fat under heating. According to Xueqi et al. [42], most
of the squalene in olive oil remained intact even after heating at 220 ◦C. A considerable
quantity of total phenols and specific phenols, including oleocanthal, remained after heating
the oil at 121 ◦C for 10 and 20 min. Oleocanthal had the highest temperature tolerance
among the studied phenols, hydroxytyrosol the lowest, while tyrosol exhibited a smaller
change with various heating techniques. The study reported a loss of total phenol content
of 40.80% after 10 min of heating at 121 ◦C, while 78.41% of total phenol loss was observed
after 10 min of heating at 220 ◦C.

The total phenolic content in the 70%-ethanolic extract of A. lappa leaves was 97.49 mg
g−1 [43], whereas Lee et al. [44] determined that the total phenolic content of cultivated
burdock was higher in the roots than in the leaves (137 and 41.4 mg 100 g−1 dry material,
respectively). Burdock leaf fractions’ effectiveness in preserving meat was assessed [45].
The findings demonstrated that Salmonella Typhimurium and Escherichia coli growth and

29



Foods 2024, 13, 304

biofilm formation were greatly suppressed by burdock leaf fraction. When compared to
the pork without treatment, the shelf life of pork treated with burdock leaf fractions was
increased by six days, and the pork’s sensory qualities were clearly improved. Chemical
composition analysis indicated that the burdock-leaf fraction consisted of caffeic acid,
chlorogenic acid, p-coumaric acid, cynarin, rutin, luteolin, crocin, arctiin, and quercetin.
The burdock-leaf fraction was shown to be a promising natural preservative for pork.

3.8. Effect of Heat Treatment on Fatty Acid Composition

The fatty acid contents of dietary fats (non-additivated and additivated with burdock
extract) subjected to heating at 210 ◦C are presented in Table 4. Among the fatty acids,
palmitic (C16:0), palmitoleic (C18:1), and oleic (C16:1) are the most popular in pork lard;
palmitoleic (C18:1) and oleic (C16:1) are the most popular in goose fat. Saturated fatty
acids (SFAs) are predominant in lard, whereas monounsaturated fatty acids (MUFAs) are
predominant in goose fat. Goose fat had the highest concentration of polyunsaturated
fatty acids (PUFAs), followed by the lard. For lard without an antioxidant, total SFAs
increased from 4.20 (g 100 g−1 fat) in the control to 4.96 in lard heated to 210 ◦C, and for
non-additivated goose fat from 2.32 (g 100 g−1 fat) in the control to 2.58 in goose fat heated
to 210 ◦C. These increases were attributed to the high-temperature heating treatment. The
total PUFAs decreased from 3.76 (g 100 g−1 fat) in the control to 2.61 in goose fat without
antioxidant exposed to heating at 210 ◦C, and from 2.29 in the control to 1.42 in lard without
antioxidant exposed to heating at 210 ◦C. Heat treatment at 210 ◦C did not significantly
modify the composition of stearic and palmitic acids, while a considerable rise in the
content of heptadecanoic and myristic acids was detected. Unsaturated fatty acids are
altered by heat treatment of fats, they may isomerize from their cis to transform. During
thermal treatment, such formation of trans fatty acids has been observed for chicken fat [46].
The heating temperature had a significant effect on total MUFAs in both lard and goose
fat (to a greater extent in fat without an antioxidant). Considering that highest level of PV
was found in goose fat, the oxidation of monounsaturated fatty acids may be the cause
of the decrease in total MUFA. Palmitoleic acid (C18:1) significantly decreased in goose
fat exposed to heating at 210 ◦C (with 0.39 units) and in 0.01% burdock-additivated fat
exposed to heating at 210◦C (with 0.21 units). From the category of polyunsaturated fatty
acid, linolenic acid (C18:3), decreased significantly in goose fat exposed to heating at 210 ◦C
(with 0.17 units) and burdock-additivated fat exposed to heating at 210 ◦C (with 0.12 units).
The strongest correlation between heating temperature and MUFA was found in goose
fat (r = 0.94), followed by the pork lard (r = 0.86). The oxidation of PUFA and MUFA was
reduced by the addition of burdock extract in a 0.01% proportion.

Our results are in agreement with those reported by Niu et al. [46] who noticed an
increase in total saturated fatty acid and a decrease in mono- and polyunsaturated fatty
acids during thermal treatment of lard. It was reported that lard oil contained higher
percentages of palmitic (35.25%) and stearic (16.99%) acids, and during thermal treatment,
there were changes in the distribution of fatty acids with an increase in saturated fatty acid
and a decrease in polyunsaturated fatty acids which was the most affected fraction [12]. The
content of total fatty acids in chicken fat heated at different temperatures was reported [47].
Oleic (C18:1), linoleic (C18:2), and palmitic (C16:0) acids were found to be the most abun-
dant fatty acids, and almost 60% of the total fatty acids were unsaturated fatty acids. As
the heating temperature rose, the amount of saturated fatty acids generally increased while
the amounts of monounsaturated and polyunsaturated fatty acids significantly (p < 0.05)
decreased [47]. Changes in the fatty acid profile of the subcutaneous and intramuscular
fat as well as a sensory evaluation of goose packaged in a modified atmosphere under
different conditions and under refrigeration storage at 4 ◦C were investigated [8]. The
results showed that a highly oxygen-modified atmosphere had a negative impact on the
quality of goose meat due to a reduction in polyunsaturated fatty acids and an increase in
saturated fatty acids, which indicates a significant reduction in its nutritional value. It was
observed that the fatty acid composition of goose meat remains unchanged for 11 days of
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storage, as long as a vacuum is used to reduce the amount of oxygen exposure. Vacuum
packaging proved to be a more effective technique for maintaining the fatty acid profile
and flavour of the goose meat.

The fatty acid composition of duck, chicken, pork, and bovine fats was analysed by
Shin et al. [11]. The major fatty acids identified in duck fat were oleic acid (C18:1), palmitic
acid (C16:0), stearic acid (18:0), linoleic acid (C18:2), and arachidonic acid (C20:4). For
chicken fat, oleic acid (C18:1) was the major unsaturated fatty acid, followed by linoleic acid
(C18:2), palmitic acid (C16:0), and stearic acid (C18:0), but only bovine fat showed more
stearic acid (C18:0) than linoleic acid (C18:2). The study showed that total SFAs and PUFAs
were found to be significantly (p < 0.05) different across the groups. Duck fat showed the
highest content of PUFAs and the lowest content of SFAs, while bovine fat presented the
lowest PUFA content and the highest SFA content. The PUFA/SFA ratio of duck fat was
approximately two times higher than that of bovine fat.

3.9. Effect of Heat Treatment on Microscopic View

The aim of the microscopic examination was to monitor changes that occur in different
stages of the oxidation process in animal fats at the microscopic level, relating them to their
physical structure.

The microscope view of the unheated animal fats showed fat cells arranged in chains,
which were compact and well highlighted. Along with the increase in the exposure time, fat
cells were destroyed, weakly highlighted, and irregularly distributed. At higher tempera-
tures, fat cells were almost completely destroyed and barely visible (Figures 1 and 2). In our
analysis of the literature, we have found no study that investigates the oxidation process
through a microscopic examination, therefore microscopic analysis may represent a new
method for the evaluation of oxidative processes and should be further studied. Animal
lipids were well protected from oxidation by the burdock extract, which demonstrated its
efficacy as an antioxidant; it may be used to monitor the fats oxidation and to estimate their
shelf-life stability.

4. Conclusions

Heating temperature, type of fat, and antioxidant addition affected the rate of lipid
oxidation in dietary animal fats. The results showed that pork lard was more resistant
to heating, generating smaller amounts of peroxides. Peroxide value, thiobarbituric acid-
reactive substances, acid value, total polar compounds and total phenolic content were
significantly influenced by the heating temperature. The contents of primary and secondary
oxidation compounds were lower in the samples with an added antioxidant. Heat treat-
ment induced several chemical reactions such as oxidative, hydrolytic, and polymerization
reactions, which modify the fatty acid composition of the heated fats. The heating tempera-
ture had a significant effect on total MUFAs in both lard and goose fat (to a greater extent
in fat without antioxidant). Microscopic examination indicated differences between fresh
and heated fats. It may represent a new method for the evaluation of oxidative processes,
thus should be further studied. The addition of burdock extract in concentration of 0.01%
significantly inhibited lipid oxidation in dietary lard and goose fat exposed to heating
at varying temperatures, therefore it can be used as a potential antioxidant to increase
fats’ stability.
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(c) (d) 

    
(e) (f) 

Figure 1. Microscope view of pork lard subjected to heating. (a)—microscope view of unheated lard;
(b)—microscope view of lard subjected to heating at 130 ◦C; (c)—microscope view of lard subjected to
heating at 150 ◦C; (d)—microscope view of lard subjected to heating at 170 ◦C; (e)—microscope view
of lard subjected to heating at 190 ◦C; (f)—microscope view of lard subjected to heating at 210 ◦C.
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(c) (d) 

    
(e) (f) 

Figure 2. Microscope view of goose fat subjected to heating. (a)—microscope view of unheated goose
fat; (b)—microscope view of goose fat subjected to heating at 130 ◦C; (c)—microscope view of goose
fat subjected to heating at 150 ◦C; (d)—microscope view of goose fat subjected to heating at 170 ◦C;
(e)—microscope view of goose fat subjected to heating at 190 ◦C; (f)—microscope view of goose fat
subjected to heating at 210 ◦C.
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Abstract: SO2 plays an important role in wine fermentation, and its effects on wine aroma are
complex and diverse. In order to investigate the effects of different SO2 additions on the fermentation
process, quality, and flavor of ‘Beibinghong’ ice wine, we fermented ‘Beibinghong’ picked in 2019.
We examined the fermentation rate, basic physicochemical properties, and volatile aroma compound
concentrations of ‘Beibinghong’ ice wine under different SO2 additions and constructed a fingerprint
of volatile compounds in ice wine. The results showed that 44 typical volatile compounds in
‘Beibinghong’ ice wine were identified and quantified. The OAV and VIP values were calculated using
the threshold values of each volatile compound, and t the effect of SO2 on the volatile compounds of
‘Beibinghong’ ice wine might be related to five aroma compounds: ethyl butyrate, ethyl propionate,
ethyl 3-methyl butyrate-M, ethyl 3-methyl butyrate-D, and 3-methyl butyraldehyde. Tasting of
‘Beibinghong’ ice wine at different SO2 additions revealed that the overall flavor of ‘Beibinghong’ ice
wine was the highest at an SO2 addition level of 30 mg/L. An SO2 addition level of 30 mg/L was the
optimal addition level. The results of this study are of great significance for understanding the effect
of SO2 on the fermentation of ‘Beibinghong’ ice wine.

Keywords: HS-GC-IMS; volatile components; OAV value; VIP value; sensory evaluation

1. Introduction

Ice wine is a sweet wine that is made by fermenting the naturally frozen grape juice
from the vines when the temperature drops to −7~−8 ◦C [1]. Canada and Germany are the
leading producers of ice wine, while China, Austria, and the United States also produce
ice wine in large quantities. In recent years, the annual production of ice wine in China
has reached 300 million liters, especially in Huanren County, Liaoning Province, and the
Yalu River Basin, Jilin Province, where the ice wine industry is developing rapidly [2].
The ‘Beibinghong’ grape is the world’s first wild grape variety (Vitis amurensis Rupr) that
can make ice wine and is very popular in northeast China. It has the advantages of high
cold tolerance and stable yield. Compared to unfrozen grapes, frozen grapes contain high
concentrations of sugar, aroma, and flavor compounds, giving the resulting ice wine a
rich, fruity flavor. After alcoholic fermentation, ice wine still contains a rich concentration
of residual sugar, which gives it a solid, sweet flavor. The ‘Beibinghong’ ice wine has a
more rounded taste and mellow aroma than the ‘Beibinghong’ dry wine, and ice wine has
received a lot of attention because of its unique flavor.

‘Beibinghong’ is one of the famous high-quality grape varieties; Vitis amurensis Rupr
belong to the East Asian grape family. ‘Beibinghong’ is an interspecific cross between
‘Zuoyouhong’ as the mother and ’84-26-53′—a mountain-European F2 grape variety with
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Foods 2024, 13, 1247

low acid and high sugar content, thick skin and large bunches—as the father. This in-
terspecific hybridization from the F5 generation to select and breed a new variety of ice
wine brewing was first made in 1995. [3]. The ‘Beibinghong’ is the first Vitis amurensis
Rupr variety cultivated at home and abroad to produce ice wine, and its preciousness and
rarity exceed that of existing varieties on the market. It is cultivated in Inner Mongolia,
Shaanxi, Gansu, and Northeastern provinces, with a planting area of about 8600 hm2 [4],
and it is the first Vitis amurensis Rupr variety cultivated at home and abroad to produce
ice wine. Its main planting area is in Jilin Province, and it occupies an essential position
in cultivating unique plants in Jilin Province [5]. In recent years, ‘Beibinghong’ has been
widely cultivated in the “Changbai Mountain” region of Jilin Province and the “Huanren”
region of Liaoning Province and is the most popular variety of ice wine. Local breweries
develop ice wine products and have distinctive aromas of “sweet”, “honey”, “roasted”,
and “caramel”.

Volatile compounds are essential for wine quality, determining the characteristics of
specific varieties and reflecting the effects of environmental conditions and viticultural
management [6]. SO2 is an indispensable additive in the wine-making process. It has the
following leading roles in the production and preservation of wine: inhibiting the growth of
harmful bacteria and yeasts, eliminating dissolved oxygen, inhibiting polyphenol oxidizing
enzymes and the infestation of stray bacteria, protecting the hygienic quality and stability
of wines, and the addition of SO2 in appropriate quantities can attenuate the undesirable
flavor of wines [7–9]. It prevents oxidative deterioration of wines and maintains their
color, aroma, and flavor. Increases the acidity of wines, improves the balance and freshness
of wines, promotes clarification and stabilization of wines, and reduces cloudiness and
sedimentation of wines. SO2 should also be used in moderation, as excessive SO2 can
adversely affect the quality of the wine and human health [10], such as reducing the
aromatic intensity of the wine and masking its character and terroir, producing irritating
odors that affect the taste and enjoyment of the wine. This causes allergic reactions such
as headaches, breathing difficulties, and skin rashes, which are inappropriate for some
people [11].

The SO2 content of wines must be strictly controlled, and each country and region
must have its legal regulations and standards. According to EU regulations, the SO2
content in red wine should not exceed 150 mg/L, and white and pink wine should
not exceed 200 mg/L. In China, according to The national standard GB 2760-2014 [12],
SO2 ≤ 250 mg/L, and according to The national standard GB 7718-2011 [13], as long as SO2
is used in food, it has to be marked on the food label [14]. The overall goal of SO2 addition
prior to wine consumption is to achieve the desired level of free SO2 at the lowest possible
total SO2 [15]. The amount and timing of the addition of SO2 can affect the aroma of the
wine in different ways. The right amount of SO2 protects the fruity and floral aromas of
the wine from oxidative deterioration and increases the complexity and aging potential of
the wine. The timing of the addition of SO2 is also essential, and in general, the earlier it is
added, the more significant the impact on the aroma of the wine. For example, adding SO2
before wine fermentation can inhibit the growth of non-winemaking yeasts and maintain
the cleanliness and purity of the wine. However, it can also reduce the aromatic diversity
and complexity of the wine, and the addition of SO2 after wine fermentation can inhibit
the growth of lactic acid bacteria and prevent the contamination of acetic acid bacteria.
However, it also affects the taste and style of the wine. The study not only analyzed the
chemical effects of SO2 on flavor substances only at the level of the sensory evaluation but
also comprehensively from the point of view of the sensory evaluation, although the use of
SO2 in winemaking is well known [16–20]. However, few articles have explored its effect
on wine flavor in-depth, and even fewer studies have investigated the effect of different
SO2 additions on the aroma of ‘Beibinghong’ ice wine, a special ice wine variety in the Jilin
region. The study of ‘Beibinghong’ ice wine, which is a unique ice wine variety from the
Jilin region, can improve the flavor quality of the wine by adjusting the strategy of using
SO2, assessing the effect of SO2 concentration on the flavor of the wine in a more precise

37



Foods 2024, 13, 1247

way, exploring how SO2 affects the fermentation process and aroma characteristics of the
wine, and identifying the volatile compounds that play a vital role in the different amounts
of SO2 added to the wine.

This study measured the fermentation start and end times, basic physicochemical
properties, and volatile aroma compounds of ‘Beibinghong’ ice wine harvested in 2019. The
fingerprints of volatile compounds of ice wine brewed with different concentrations of SO2
were established, and its brewed ice wine was tasted. In the experiment, SO2 was added
by adding solid potassium metabisulfite (PMS), and each gram of PMS produced 0.56 g of
SO2, i.e., 10 mg of SO2 required 17.86 μg of PMS, which was then added in eight treatments,
i.e., 10 mg/L, 20 mg/L, 30 mg/L, 40 mg/L, 50 mg/L, 60 mg/L, 80 mg/L, and 100 mg/L, in
the following order. Eight treatments were performed to determine the optimal amount
of SO2 addition at the same temperature and under the same yeast strain and enzyme
treatment conditions.

1.1. Materials and Reagents
1.1.1. Experimental Materials

‘Beibinghong’ ice grapes harvested from vineyards of Yujiang Valley Winery Co., Ltd.
(Ji’an, China) in Ji’an City for ‘Beibinghong’ ice wine production; yeasts BV818 and CEC01
(Angie’s Yeast Co., Ltd., Yichang, Hubei, China); pectinases RF and RCO (AB Enzymes,
Darmstadt, Germany); and potassium metabisulphite (SAS SOFRELAB OENOFRANCE).

1.1.2. Reagents

Analytical purity: sulfuric acid, sodium chloride, potassium chloride, sodium bicar-
bonate (Beijing Chemical Plant, Beijing, China); tannic acid (Tianjin Guangfu Fine Chemical
Research Institute, Tianjin Fine Chemical Research Institute, Tianjin, China); Folin–Denis
reagent (US Sigma, St. Louis, MO, USA); anhydrous sodium carbonate (Tianjin Hengxing
Chemical Reagent Manufacturing Co., Ltd., Tianjin, China); glacial acetic acid, hydrochloric
acid, anhydrous ethanol, sodium hydroxide, phosphoric acid (Beijing Chemical Plant);
potassium hydrogen phthalate, anthracene ketone (Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China); anhydrous sodium acetate (Shanghai Hubtest Chemical Co., Ltd.,
Shanghai, China); dextrose (Tianjin Hengxing Chemical Reagent Manufacturing Co., Ltd.,
Tianjin, China).

Chromatographic purity: methanol (TEDIA Reagents, Fairfield, OH, USA), 4-methyl-
2-pentanol (Shanghai Lianshuo Biotechnology Co., Ltd., Shanghai, China).

Fermentation auxiliaries: CEC01 active dry yeast (Angel Yeast Co., Ltd., Yichang,
China); potassium metabisulphite (Yantai Dibs Homebrewer Co., Ltd., Yantai, China).

1.2. Instruments and Equipment

Agilent High Performance Liquid Chromatograph (Agilent Technologies Ltd., Santa
Clara, CA, USA); FlavourSpec® Flavor Analyzer (Shandong Haineng Scientific Instrument
Co., Ltd., Zibo, Shandong, China); BSA224S-CW Sartorius Electronic Balance (Sartorius Sci-
entific Instruments Co., Ltd., Göttingen, Germany); PAL-1 Digital Hand-held Refractometer
(ATAGO, Tokyo, Japan), CJJ-931 Dual-link Magnetic Heating Stirrer (Jiangsu Jintan Jincheng
Guosheng Experimental Instrument Factory, Changzhou, Jiangsu, China); HWS-12 type
electric thermostatic water bath (Shanghai Yiheng Scientific Instrument Co., Ltd., Shanghai,
China); KQ-300E type ultrasonic cleaner, snowflake ice machine (Beijing Changliu Scien-
tific Instrument Co., Ltd., Beijing, China), FA1004B electronic balance (Shanghai Yue Ping
Scientific Instrument Co., Ltd., Shanghai, China), DHG-9240 constant temperature drying
oven (Shanghai Yihang Scientific Instrument Co., Ltd., Shanghai, China), WAX chromatog-
raphy columns (U.S. RESTEK, Bellefonte, PA, USA); Milli-Q Advantage A1 ultrapure water
apparatus (Millipore Corporation, USA); Cary60UV-Vis UV spectrophotometer (Agilent
Technologies Ltd., Santa Clara, CA, USA).
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1.3. Methods
1.3.1. Process Flow of Brewing ‘Beibinghong’ Ice Wine

The process of ice wine production involves harvesting the fruit, screening, and
de-stemming. The harvested fruit is then granulated, pressed, and preserved by adding
different concentrations of SO2. Three sets of replicate brewing experiments were conducted
using three fermenters per treatment to ensure the reproducibility of the experiments. Gum
reduction is carried out, followed by a low-temperature maceration at 2–4 ◦C. The wine is
then post-tempered to 15 ◦C. Subsequently, the post-temperature was adjusted to 15 ◦C,
and controlled fermentation was carried out with the addition of CECO1 yeast at a dosage
of 250 mg/Kg. After completion of fermentation, fermentation was stopped, and crude
filtration was carried out to obtain the original wine. After controlled aging, the wine is
then fine-filtered and sterilized. After passing quality tests, the final product is bottled,
sealed, and labeled as ice wine.

1.3.2. Sample Labeling

The amount of SO2 used according to the quality of treated iced grape juice was as
follows: sample No. 1 (10 mg/L), sample No. 2 (20 mg/L), sample No. 3 (30 mg/L),
sample No. 4 (40 mg/L), sample No. 5 (50 mg/L), sample No. 6 (60 mg/L), sample No. 7
(80 mg/L), sample No. 8 (100 mg/L).

1.3.3. Detection Methods of Basic Physical and Chemical Indexes

Soluble solids were determined by handheld refractometer, and titrable acid content
of wine was determined by indicator method according to The GB/T 15038-2006 [21]. The
alcohol content is measured by the alcohol meter method. The total sugar content in wine
was determined by anthrone and sulfuric acid colorimetric method, and standard koji was
prepared by standard glucose solution. The total anthocyanin content in grape juice was
determined by pH difference method, i.e., anthocyanin reacted with potassium chloride
buffer (0.025 M, pH = 1) and acetic acid buffer (0.4 M, pH = 4.5), and then the difference of
520 nm and 700 nm was calculated. Total phenol content—Folin–Ciocalteu colorimetric
method. Dry extract content: refer to the dry extract test method in the national standard
(GB/T 15038-2006).

1.3.4. Quantification of Volatile Compounds in ‘Beibinghong’ Ice Wine by HS-GC-IMS

Headspace-gas chromatography-ion migration spectrometry (HS-GC-IMS) deter-
mined volatile substances in wine. The FlavourSpec® flavor analyzer was used to take a
1 mL sample, place it into a 20 mL headspace bottle, add 20 ppm 4-methyl-2-amyl alcohol
10 μL, incubate at 60 ◦C for 15 min, and then inject it into the sample.

Chromatographic conditions: the column was WAX column (15 m × 0.53 mm,1 μm),
column temperature was 60 ◦C, carrier gas was N2, IMS temperature was 45 ◦C, and
chromatographic conditions were shown in Table 1.

Table 1. Gas chromatography conditions.

Time (Min:Sec) E1 E2 Recording

00:00,000 150 mL/min 2 mL/min rec
02:00,000 150 mL/min 2 mL/min -
10:00,000 150 mL/min 10 mL/min -
20:00,000 150 mL/min 100 mL/min -
30:00,000 150 mL/min 100 mL/min stop

The conditions of automatic headspace injection were as follows: injection volume
of 100 μL, incubation time of 10 min, incubation temperature of 60 ◦C, injection needle
temperature of 65 ◦C, and incubation speed of 500 rpm; 4-methyl-2-pentanol was used as
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the internal standard for the analysis, and the concentration of 198 ppb, the signal peak
volume of 493.34, and the intensity of each signal peak was about 0.401 ppb.

Quantitative calculation formula:

Ci =
Cis ∗ Ai

Ais

Ci is the calculated mass concentration of any component in μg/L, Cis is the mass
concentration of the internal standard used in μg/L, and Ai/AIS is the volume ratio of
any signal peak to the signal peak of the internal standard. The NIST database and IMS
database are built into the software for the qualitative analysis of the substances.

1.3.5. Odor Activity Value (OAV) Calculation

OAV was used to assess the contribution of volatile compounds to the overall aroma
of the wine. The concentration of volatile compounds was divided by the odor threshold
(OT) to calculate the OAV value. Volatile compounds with OAV > 1 were considered to be
types of aroma-active compounds, and the larger the OAV value, the more significant the
contribution of components to the flavor; the OAV value can help to determine the critical
aroma substances in food or plants [22–24], analyze the causes of flavor differences, and
optimize the flavor quality of wine aroma characteristics formation plays an important role.

1.4. Sensory Evaluation

Sensory evaluation methodology: the wines were subjected to quantitative descriptive
analysis (QDA) by a trained sensory panel of 17 tasters (10 women and 7 men, aged 24
to 52 years, with an average of 33 years). These experts were recruited based on their
motivation and availability, having been trained according to the national standards ISO
6658 [25] and ISO 8586 [26] prior to the sensory evaluation. According to the definitions in
the published literature, according to the definitions in The national standard GB 15038-
2006 [27,28], and based on the discussion results, specify the development of a sensory
evaluation form (Table 2). The samples were marked with three numbers and submitted to
the tasters randomly.

Table 2. Sensory score.

Item Percentage Features Full Marks

Color 10% Chroma and hue 10
Clarification 10% Degree of clarification 10

Aroma 30%

Finesse 5
Richness 5

Coherence 5
Variety characteristics 5

Duration 5
Variation and complexity (multiple levels of aroma) 5

Taste 40%

Balance and coordination 10
Body and fullness (weightiness in the mouth) 10

Texture and structure 5
Continuity and layers 5

Flavor quality and persistence 5
Lingering flavor 5

Typicality 10% Synthesize and evaluate 10
Totals 100

1.5. Statistical Analysis of Data

Excel 2010 was used to organize the experimental data statistically, and an analy-
sis of variance (ANOVA) was performed using SPSS (version 22.0, IBM, Armonk, NY,
USA). Statistical). Statistical analyses were performed on the experimental data to check
for significant differences in the individual results, and all the data were expressed as
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mean ± standard deviation. Differences between the two groups were considered sig-
nificant at p < 0.05. Simca 14.1 software was used for OPLS-DA and VIP value analysis;
GC-IMS assay was done with Savitzky Golay for smoothing and denoising, and migration
time normalization was done by setting the RIP position as 1, i.e., dividing the actual
migration time by the peak out time of the RIP to obtain the approximate migration time.
The Reporter plug-in was used to directly compare the spectral differences between the
samples, and the Gallery Plot plug-in was used to compare the fingerprints visually and
quantitatively to compare the differences of VOCs between different samples. Heat map
and correlation analysis were performed using the OmicShare tools, a free online platform
for data analysis (https://www.omicshare.com/tools (accessed on 27 July 2020)).

2. Results and Analysis

2.1. Fermentation Process and Basic Indexes of ‘Beibinghong’ Ice Wine with Different
SO2 Additions

The yeast treatment time in this experiment was 11 December 2019, and the initial
solid content of ‘Beibinghong’ grape juice was 40.3%. It can be seen from Table 3 that the
fermentation time was 24 h at 10 mg/L and 48 h at 30, 40, and 50 mg/L. The fermentation
time of 10 mg/L, 40 mg/L, and 50 mg/L was 23, 23, and 21 days, but the red wine was
suitable for slow fermentation at low temperatures. This is in line with the findings of
Sun Hening and others [29] that the addition of SO2 prior to fermentation inhibits yeast
activity in the short term and increases the delay in yeast multiplication, leading to a
delay in fermentation; however, during this period, it allows the must to remain static and
encourages the precipitation of impurities, colloidal substances, and decomposed tartaric
acid, which is highly susceptible to the formation of tartar in wines. Wang et al. [30] studied
the effect of SO2 on the fermentation process and quality of pineapple wine and found that
SO2 had a significant effect on the time of starting fermentation when the concentration of
SO2 was 150 mg/L or less, the time of starting fermentation was around ten h. With the
increasing concentration of SO2, the time of starting fermentation was delayed significantly,
and when the concentration of SO2 was 250 mg/L, the time of starting the fermentation
time was more than 3 d at a concentration of 250 mg/L, which was the same as our results,
indicating that the higher concentration of SO2 affects the fermentation of fruit wines.
The fermentation time of fruit wines should not be too long, so it should be considered
comprehensively. The total sugar of ice wine fermented with different amounts of SO2 was
found to be above 160.0 g/L, which indicates that different amounts of SO2 do not have
much effect on the total sugar, which is the same as the results of the study by Mou Jingxia
et al. [10]. The total acid content of SO2 was relatively low at 10 mg/L, 20 mg/L, 30 mg/L,
40 mg/L. The level of dry leachate index is closely related to the raw materials, production
process, and storage method of wine, and it is one of the essential symbols of the quality of
wine [31]. Dry leachate was higher at SO2 additions of 30 mg/L, 40 mg/L; From the above
table, adding 30 mg/L and 40 mg/L SO2 is more appropriate.

Table 3. Fermentation process and basic physicochemical indexes of ‘Beibinghong’ ice wine with
different SO2 additions.

SO2

Concentration
(mg/L)

Start of
Fermentation (h)

End of
Fermentation

(days)

Soluble Solids
(%)

Total Sugar (g/L) Total Acid (g/L) Dry Extract (g/L)
Alcohol Content

(v/v)

10 24 ± 0 f 23 ± 1 e 26.3 ± 0.5 b 162.66 ± 13.2 d 11.36 ± 0.41 bc 151.24 ± 15.61 d 11.5 ± 0.50 bc
20 72 ± 0 d 34 ± 3 d 26.5 ± 2.0 b 163.57 ± 8.06 c 11.28 ± 1.10 c 150.33 ± 7.58 e 11.5 ± 0.36 bc
30 48 ± 0 e 34 ± 3 d 25.4 ± 1.7 c 162.19 ± 5.13 d 11.26 ± 1.65 c 153.71 ± 6.42 b 12 ± 1.0 a
40 48 ± 0 e 23 ± 1 e 26.5 ± 1.0 b 160.96 ± 10.7 e 11.32 ± 0.26 bc 156.94 ± 13.33 a 11.5 ± 0.72 bc
50 48 ± 0 e 21 ± 2 f 26.7 ± 2.0 b 161.08 ± 4.5 e 11.48 ± 0.15 abc 152.82 ± 17.21 c 11.5 ± 0.21 bc
60 96 ± 0 c 35 ± 4 c 27.8 ± 1.0 a 164.69 ± 5.57 b 11.65 ± 1.03 abc 149.21 ± 4.31 f 11 ± 0.06 cd
80 168 ± 0 b 64 ± 9 a 28.3 ± 0.8 a 168.73 ± 11.02 a 12.06 ± 1.02 ab 145.17 ± 15.30 g 10.5 ± 0.42 d
100 192 ± 0 a 38 ± 5 b 28.5 ± 1.7 a 168.92 ± 19.20 a 12.15 ± 0.78 a 144.98 ± 7.06 g 10.5 ± 0.11 d

Means with different letters in the same column express significant differences (Duncan’s test p < 0.05).
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2.2. Changes in Anthocyanin Content of ‘Beibinghong’ Ice Wine Brewed with Different
SO2 Additions

Color is one of the most critical indicators affecting the sensory quality of red wine,
and anthocyanin, a class of flavonoid compounds with a benzopyran structure, is an es-
sential water-soluble natural pigment in red wine, as well as a crucial color-presenting
substance, with a variety of critical physiological functions and biological activities [32,33].
During grape growth and development, anthocyanosides are biosynthesised via the
phenylpropane-flavonoid pathway. In wine, there is an equilibrium between the vari-
ous states of anthocyanins, and their color expression is closely related to the structure and
morphology of the anthocyanin molecule [34]. After human consumption of wine, wine
anthocyanosides are mainly metabolized and absorbed by intestinal flora in the colon. The
type, state, and content of anthocyanosides are essential in red wines’ color characteristics
and aging potential. Changes in the content of anthocyanosides in ‘Beibinghong’ ice wine
brewed with different SO2 additions are shown in Table 3.

As shown in Table 4, the content of anthocyanin was higher when SO2 was added
at 30 mg/L, 60 mg/L, and 80 mg/L, especially at 80 mg/L, which reached the highest
value. However, the total acid content was slightly higher because ‘Beibinghong’ belongs
to the Vitis amurensis Rupr variety. From the taste and quality perspective, the SO2 addition
was not too high, so 30 and 60 mg/L were more appropriate. A moderate addition of
SO2 has a protective effect on the anthocyanins in wine [35]. SO2 inhibits the action of
oxidative enzymes and prevents oxidation of the raw material, which helps to maintain
the stability and color vividness of the anthocyanosides. The addition of SO2 also helps to
select the fermentation microorganisms, clarify the fermentation matrix, and regulate the
acidity of the fermentation matrix, which indirectly affects the solubilization and stability
of the anthocyanosides [36–39]. J Bakker et al. [40] found that as the level of SO2 increased
during winemaking, more anthocyanins were extracted. During maturation, all wines lost
color and increased brownness. Wines without added SO2 browned more severely than
wines with added SO2. This also shows that SO2 is essential to maintain color stability in
wine production.

Table 4. Content of anthocyanin in ‘Beibinghong’ ice wine with different SO2 additions.

SO2 (mg/L) 10 20 30 40 50 60 80 100

Total
anthocyanin

(μg/L)

126.63 ± 11.26
h 133.87 ± 7.48 f 155.86 ± 2.51 c 135.26 ± 9.06 e 140.27 ± 3.29

d
172.56 ± 11.38

b
194.26 ± 26.93

a
132.76 ± 18.71

g

Means with different letters in the same column express significant differences (Duncan’s test p < 0.05).

However, when the added SO2 level is too high, it can adversely affect anthocyanin [41].
This is in line with our findings that an addition of sulphur dioxide that is too high affects
the content of anthocyanosides. High concentrations of SO2 may generate sulfites in acidic
environments, which are capable of reacting with anthocyanoside molecules, leading to
the formation of anthocyanoside sulfites, which are colorless, and therefore reduce the
anthocyanoside content of wines, thus affecting the color of the wines. SO2 has both
protective and potentially damaging effects on the anthocyanosides in wine, depending
on the amount added and the conditions of use. The amount of SO2 added during the
winemaking process needs to be precisely controlled to maximize the positive effects and
minimize the negative effects on the anthocyanins, thus ensuring optimal wine quality
and taste.

2.3. HS-GC-IMS Analysis of ‘Beibinghong’ Ice Wine Brewed with Different SO2 Additions
Fingerprints of Volatile Components of ‘Beibinghong’ Ice Wine Brewed with Different
SO2 Additives

In order to analyze the variability of volatile substances in ice wine brewed with
different concentrations of SO2, we constructed a fingerprint of volatile flavor compounds
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based on all the signal peaks in the two-dimensional HS-GC-IMS spectra (Figure 1). Each
sample was measured three times in parallel, and the darker color indicated a greater peak
intensity and higher content. The composition and differences of volatile flavor compounds
in ice wine brewed with different concentrations of SO2 were revealed from the fingerprints.

Figure 1. Fingerprints of volatile compounds of ‘Beibinghong’ ice wine under different treatments
(Note: A–H are the amounts of SO2 added, in the order of 10 mg/L, 20 mg/L, 30 mg/L, 40 mg/L,
50 mg/L, 60 mg/L, 80 mg/L, and 100 mg/L. Same below).

As shown in Figure 2, the volatile compounds in the eight wine samples were well
separated, and the aroma fingerprints of the wine samples differed significantly, mainly in
the content of volatile compounds.

Figure 2. HS-GC-IMS 2D spectrum (top view). Note: The background of the whole graph is blue,
and the red vertical line at horizontal coordinate 1.0 is the RIP peak (reactive ion peak, normalized).
The vertical coordinate represents the retention time (s) of the gas chromatogram, and the horizontal
coordinate represents the ion migration time (normalized). Each point on both sides of the RIP peak
represents a volatile organic compound.
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The ‘Beibinghong’ ice wine from the first treatment group was used as a reference,
and the rest of the spectra were subtracted from the signal peaks in the first treatment to
obtain the difference spectra (Figure 3).

Figure 3. HS-GC-IMS difference spectrum of the sample. Note: Using A as a reference, the rest of the
spectrum subtracts the signal peaks in A to obtain the difference spectrum between the two. Blue
areas indicate less substance in this sample than in A. Red areas indicate more substance in this
sample than in A. The darker the color, the more significant the difference. The difference between
the samples can be seen from the above graph.

2.4. Analysis of Volatile Components

Aroma is an essential index for evaluating the quality of wine, and the study of wine
aroma mainly focuses on the aromatic substances that positively affect it. The critical role
of SO2 in winemaking also includes its role in the aroma. SO2 also significantly affects the
aroma of wine, with the addition of SO2 affecting the concentration of volatile compounds
in the wine by between 33% and 43% [42]. Aromatic substances in wine can be categorized
into terpenoids, aliphatic compounds, and aromatic compounds according to their chemical
structure, of which aliphatic compounds include alcohols, acids, ketones, and esters. The
analytical spectra and data were viewed with VOCal for qualitative and quantitative
analysis, and the volatile components in the wine samples were characterized by the built-
in NIST and IMS databases of HS-GC-IMS. A total of 44 typical volatile compounds were
detected (Table 5), and the most significant number of species was 18 esters, 11 alcohols,
3 acids were detected, 5 ketones, and 11 uncharacterized volatile compounds. The volatile
aroma compounds detected in the ice wine samples from the eight treatments were the same
type, but the contents were significantly different. Among the eight treatments, the highest
total volatile compound content was found in the seventh treatment group with 80 mg/L
of added SO2, with a total volatile compound content of 81,930.42256 μg/L. The following
treatments with the highest total volatile compound content in descending order were the
treatment group with 50 mg/L of added SO2, with a volatile compound concentration
of 81,394.73104 μg/L, treatment group with 70 mg/L SO2 addition 81,328.35368 μg/L,
treatment group with 40 mg/L SO2 addition 81,182.37288 μg/L, treatment group with
60 mg/L SO2 addition 79,569.26936 μg/L, and treatment group with 90 mg/L SO2 addition
79,215.75989 μg/L. 79,569.26936 μg/L for 60 mg/L of SO2, 79,215.75984 μg/L for 90 mg/L
of SO2, 78,921.88528 μg/L for 30 mg/L of SO2, and 77,818.71496 μg/L for 20 mg/L of SO2.
Table 5 shows that alcohols accounted for the most significant proportion of 62.9–64.73%,
followed by esters at 24–25.82%, and alcohols and esters were the main aroma compounds
in the wine samples.
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2.4.1. Esters

The esters in wine are mainly produced by acyl-coenzyme A and fatty acids and
alcohols in yeast cells under the catalytic action of relevant enzymes during alcoholic
fermentation, and they have the aroma of fruits or flowers, which play a vital role in the
aroma of wine [43,44]. Esters give wines a unique and complex fruity flavor, which is a
critical component of their aroma composition, and the description of the aroma of the
detected ester compounds also shows that the esters are mainly dominated by fruity aroma.
The various ester compounds present in wines have coordinated compositional ratios and
have synergistic effects on the formation of aroma [43,45]. The esters in grapes are mainly
found in grape skins, which are fully macerated during fermentation, releasing the variety’s
unique fruity and floral aromas. As can be seen in Table 4, esters were the compounds with
the highest percentage of content in the assay, and from the esters detected, the esters that
provided a higher concentration of aromas were isoamyl acetate, ethyl acetate, methyl for-
mate, ethyl butyrate, and Ethyl propionate, the highest content of esters detected among the
eight treatments was in treatment group 7 (SO2 addition of 80 mg/L) at 20,217.62344 μg/L,
followed by ester volatile compounds in descending order by treatment group 8 (SO2 addi-
tion of 90 mg/L) at 20,201.48088 μg/L; treatment group 1 (SO2 addition of 20 mg/L) was
20,089.12584 μg/L; treatment group 5 (SO2 addition of 60 mg/L) was 19,966.58664 μg/L;
treatment group 3 (SO2 addition of 40 mg/L) was 19,897.53192 μg/L; and treatment group
6 (SO2 addition of 70 mg/L) was 19,734.66768 μg/L; the fourth treatment group (SO2 addi-
tion of 50 mg/L) was 19,533.09736 μg/L; and the second treatment group (SO2 addition of
30 mg/L) was 19,438.08048 μg/L. A study by Teresa Garde-Cerdán et al. found [46] that
when volatile aroma compounds were examined in wines with or without the addition of
SO2, it was found that the concentration of SO2 did not have a significant effect on the total
esters in the wines, which is the same as our findings, and this is probably because the wines
are rich in unsaturated fatty acids. Therefore, the concentration of oxygen in the medium
did not affect the formation of these compounds. Liu et al. [47] found that the addition of
an appropriate concentration of SO2 can also increase the content of isoamyl acetate, ethyl
acetate, and ethyl octanoate in wine to a certain extent, which can bring pleasant floral and
fruity aroma to wine and increase the complexity of wine aroma. The high concentration of
SO2 can lead to the increase of ethyl acetate, which can hurt the aroma quality of the wine.
Therefore, when choosing the concentration of SO2, it is essential to consider not only the
concentration of the aroma but also the negative effect of the aroma content on the wine,
and the amount added should be manageable [42,48,49]. Moderate amounts of SO2 can
help stabilize the aroma components in wine and contribute to forming certain aromas.
However, excessive amounts of SO2 may react with the aroma components of the wine,
resulting in a change or loss of aroma. Such changes may be manifested as a diminution or
loss of certain aromas in the wine or the production of some unpleasant off-flavors.

2.4.2. Alcohols

Alcohols accounted for the most significant percentage of 62.9–64.73% of the wines,
and their aroma characteristics were mainly pungent or grassy. The content of alcohols
between different treatment groups in descending order was 52,687.70472 μg/L in the
fourth treatment group (SO2 addition of 50 mg/L); 52,419.32192 μg/L in the seventh
treatment group (SO2 addition of 80 mg/L); 51,936.64448 μg/L in the sixth treatment group
(SO2 addition of 70 mg/L); third treatment group (SO2 addition of 40 mg/L) at 51,900.99208
μg/L; fifth treatment group (SO2 addition of 60 mg/L) at 50,486.39344 μg/L; second
treatment group (SO2 addition of 30 mg/L) at 50,107.1648 mg/L; the eighth treatment
group (SO2 addition of 90 mg/L) with 50,067.50616 μg/L; and the first treatment group
(SO2 addition of 20 mg/L) with 48,951.784 μg/L. The highest ethanol content was found
in the treatment group with the highest SO2 addition of 70 mg/L, and the lowest was
found in the treatment group with the lowest SO2 addition of 20 mg/L. The highest ethanol
content was found in the treatment group with the highest SO2 addition of 70 mg/L and
the lowest in the treatment group with the lowest SO2 addition of 20 mg/L. The highest
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ethanol content was in the treatment group with 70 mg/L of SO2, and the lowest was in the
treatment group with 20 mg/L of SO2; the highest methanol content was in the treatment
group with 50 mg/L of SO2, and the lowest methanol content was in the treatment group
with 20 mg/L of SO2;

2.4.3. Others

Aldehydes, acids, and ketones accounted for a relatively small percentage of the
wine. The percentage of aldehydes in the volatile compounds of ice wine was 2.06–2.17%.
Among the treatment groups, the most considerable aldehydes content was in the third
treatment group (SO2 addition of 40 mg/L) with 1758.6688. The lowest content was in the
eighth treatment group (SO2 addition of 90 mg/L) with 1627.96816 μg/L. The proportion
of ketones in the volatile compounds of ice wine ranged from 1.87% to 2.02%, with the
most considerable ketone content in the first treatment group (20 mg/L SO2) at 1575.7028
μg/L and the lowest in the fifth treatment group (60 mg/L SO2) at 1511.65784 μg/L. The
proportion of acid compounds in the volatile compounds of ice wine ranged from 1.87% to
2.02%. The percentage of acid compounds in the volatile compounds of ice wine ranged
from 4.73% to 5.66%, with the most significant amount of acid compounds in treatment
group 6 (70 mg/L of SO2 addition) at 4604.20464 μg/L and the lowest in treatment group 1
(20 mg/L of SO2 addition) at 3%.

Among the treatments, regarding the total content of volatile compounds, the SO2
addition of 30 mg/L had a higher content of total aroma substances. Methanol and other
substances harmful to the aroma components of ‘Beibinghong’ ice wine were fewer. The
content of the components that impacted the quality was lower, so the quality of the wine
was better than that of the other treatment groups from a comprehensive point of view.

2.5. Principal Component Analysis (PCA) of Wine Samples

In order to better present and distinguish the differences between the different treat-
ment ice wine samples, the known volatile compounds identified by GC-IMS were analyzed
by PCA (Figure 4). Eight treatment groups of samples were well differentiated according
to their aroma characteristics. PCA was performed on the samples to discriminate the
magnitude of variability between the samples of the groups of different wines, between
subgroups, and between samples within groups. The contribution rate of PC1 was 28.4%,
and that of PC2 was 21.1%, and the eight groups of samples showed apparent separation
trends on the two-dimensional graph, with no outlier samples. The samples of the same
kind of wines were clustered well, with high experimental reproducibility. The PCA results
show that the differences in aroma substances among the eight groups of samples are
significant and clearly distinguishable from other samples. As shown in the figure, it can be
seen that the four treatments of A, B, H, and E clustered together, the treatment groups of C
and D clustered together, and the groups of G and F clustered together, which indicated that
the volatile compounds were similar between these treatment groups. The concentration of
the aroma compounds was also somewhat different between the different treatments.

2.5.1. OAV Analysis of Major Aroma Compounds of Different Wine Samples

Generally, the components with OAV greater than one directly impacts the overall
flavor and are the main components providing the flavor [50–52]. Based on the qualita-
tive and quantitative results of GC–IMS, the threshold values of corresponding aroma
compounds in water were found in the literature, and their OAV values were calculated.
As shown in Table 6, a total of 21 aroma compounds with OAV values greater than one
were detected in different ice wine samples, which were ethyl caprylate, 1-hexanol-M,
ethyl caproate, 3-methyl-1-butanol, isoamyl acetate, hexanal, 2-methyl-1-propanol, ethyl
butyrate, isobutyl acetate, pentanal, ethyl acrylate, ethyl isobutyrate, ethyl acetate, acetone,
acetaldehyde, propionaldehyde, (Z)-3-hexenyl acetate, ethyl 3-methyl butanoate-M, ethyl
3-methyl butanoate-D, butyraldehyde, and 3-methyl butanal; studies have shown that
the OAV values are directly proportional to the contribution of aroma [53,54]. Among
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the compounds with OAV values greater than 1, esters accounted for the most significant
proportion of ten, and the OAV values of esters were significantly higher than those of other
types of compounds, indicating that esters contribute to the prominent aroma of ‘Beib-
inghong’ ice wine. This is also in line with the GC–IMS results, where esters contributed
the primary aromas in ‘Beibinghong’ ice wine, dominated by fruity and floral notes [55],
followed by aldehydes, with six aldehydes having OAVs greater than 1, indicating that the
grassy aroma of aldehydes is also a significant contributor to the aroma of ‘Beibinghong’ ice
wine; there was also a ketone compound of acetone among the compounds with an OAV
value of greater than 1; and there were three alcohols, which is also a significant contributor
to the iconic wine flavor of the ‘Beibinghong’ ice wine aroma.

Figure 4. PCA analysis of the sample.

Principal component analysis (PCA) is a multivariate statistical analysis technique.
Many complex and hard–to–find variables in the original sample are represented by identi-
fying several principal component factors. The regularity and variability between samples
are assessed based on the contribution of the principal component factors in different sam-
ples [56]. The PCA results clearly showed that two principal components were extracted
from the PCA analysis of the concentration of volatile aroma compounds with OVA values
greater than 1 in different treatments of ‘Beibinghong’ ice wine samples in a relatively
independent space (Figure 5a), with a contribution of 32.9% for PC1 and 29.3% for PC2.
Among the different varietal treatments, D, C, and H were located at the junction of one
and four quadrants and were positive on PC2. G and D were located in the first quadrant
of the score and were positive on PC1 and PC2. F was located in the second quadrant and
was positive on PC1 and negative on PC2. E was located in the third quadrant and was
negative on PC1 and PC2, and A and B were located in the junction of the third and fourth
quadrants and were negative on PC1. This indicates significant differences in the volatile
aroma compounds with OVA values greater than 1 in the ‘Beibinghong’ ice wine samples
from different treatments. However, specific treatment groups also showed similarities in
the aroma compounds with OAV values greater than 1.
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Figure 5. (a) PCA plots and (b) thermograms of volatile aroma compounds with OVA values greater
than 1 in ice samples from different treatments of ‘Beibinghong’.

Clustering of the concentration of volatile aroma compounds in nine sample wines
with OVA values greater than 1. Based on the sample heat map analysis (Figure 5b), it
was seen that the red color indicated that the aroma compound component was highly
expressed in the sample, and the blue color indicated that the aroma compound was
expressed at a lower level in the sample. The concentration of volatile aroma compounds
with an OVA value of greater than 1 varied considerably among the samples of each variety.
In general, most volatile aroma compounds with high aroma intensity values also have
high OAV [57]; moreover, the two methods can be mutually verified. However, a small
number of volatile aroma compounds also have low OAV despite high aroma intensity
values, or vice versa. In this experiment, screening volatile aroma compounds between
different treatment groups using OAV values can more accurately extract the critical volatile
aroma compounds that may affect the aroma of ‘Beibinghong’ ice wine.

2.5.2. Analysis of Volatile Compounds 0PLS-DA in Wine

OPLS-DA is a statistical method for supervised discriminant analysis [54,58,59]. The
contribution of each variable to the flavor of the wine was further quantified according
to the variable important for the projection (VIP) in the OPLS-DA model [59]. OPLS-DA
was validated with 200 permutations and found that R2 and Q2 were more significant than
the model after Y replacement (Figure 6b). Thus, the model predictions were reliable, and
variables with VIP > 1 could be used as potential biomarkers. This experiment used the
OVA values of compounds with an OAV value greater than 1 in the composition of wine
samples from different varieties as Y variables for OPLS-DA analysis.

Screening of compounds with VIP values > 1 as marker compounds for wine (Table 7).
The results revealed that the compounds that may affect the aroma differences at different
SO2 concentration treatments might be related to ethyl butyrate, ethyl propionate, ethyl
3-methyl butyrate-M, ethyl 3-methyl butyrate-D, and 3-methyl butyraldehyde.
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Figure 6. Analysis of different treatments of ‘Beibinghong’ ice wine samples OPLSA-DA ((a) Score
chart of the OPLS-DA model of the sample, (b) Sample replacement test chart).

Table 7. Analysis of VIP values of aroma compounds in different treatments of ‘Beibinghong’.

Substances VIP Value

Ethyl butanoate 2.741464
ethyl propanoate 1.077886
Ethyl 3-methylbutanoate-M 2.23449
Ethyl 3-methylbutanoate-D 1.761919
3-Methylbutanal 1.550059

2.6. Sensory Evaluation of ‘Beibinghong’ Ice Wine Brewed with Different Concentrations of SO2

Sensory evaluation is a crucial way for consumers to assess the quality of a wine [60].
Sensory evaluation of wines influences consumer choice. As seen in the sensory evaluation,
it can be found (Table 8) that the color and clarity of wine samples from the eight treatment
groups were above 9 points, and their color and clarity scores were the highest in the sixth
treatment group, and the aroma and taste scores were the highest in the third treatment
group; the typicality of the wines from the third and the sixth treatment groups had the
highest scores; the highest total score was obtained from the third treatment group, and the
lowest total score was obtained from the first treatment group. In summary, the overall
flavor of the ‘Beibinghong’ ice wines was the highest when SO2 was added to the ice wines
at an added amount of 30 mg/L. Adding too little or too much SO2 can affect the wine’s
flavor and lead to certain defects. Pelonnier-Magimel E et al. [30] studied whether the
Bordeaux quality wines without added SO2 have their typicality to assess the organoleptic
specificity of the wines without added SO2. Finally, it was found that wines without added
SO2 had a much higher frequency of defects than wines with added SO2 (70 percent and
15 percent, respectively). Therefore, the absence of SO2 in production can significantly
impact the wine’s flavor. If the wine is to maintain its typicality in production, as little SO2
as possible can be added, while ensuring the flavor and bactericidal effect [34,61].

53



Foods 2024, 13, 1247

Table 8. Sensory score.

Item Percentage A B C D E F G H

Color 10% 9.0 ± 0.06 9.1 ± 0.1 9.7 ± 0.15 9.2 ± 0.06 9.3 ± 0.21 9.9 ± 0.15 9.8 ± 0.10 9.7 ± 0.10
Clarification 10% 9.9 ± 0.06 10 ± 0 10 ± 0 10 ± 0 10 ± 0 10 ± 0 10 ± 0 10 ± 0

Aroma 30% 26.4 ± 1.02 27.2 ± 1.25 29.3 ± 0.67 28.4 ± 1.02 28 ± 0.78 27 ± 0.21 26.7 ± 0.53 26.1 ± 1.02
Taste 40% 36.1 ± 0.17 36.4 ± 2.08 39 ± 0.15 37 ± 1.0 38.1 ± 0.06 37.4 ± 1.03 38 ± 0.57 35.9±0.26

Typicality 10% 9.4 ± 0.15 9.5 ± 1.21 10 ± 0.06 9.8 ± 1.15 9.6 ± 0.27 10 ± 0 9.4 ± 0.21 9.7 ± 0.06
Totals 100% 90.7 ± 1.20 92.2 ± 1.27 98 ± 1.0 94.4 ± 0.57 95 ± 1.0 94.3 ± 2.07 93.9 ± 1.52 91.4 ± 0.70

3. Conclusions

In this study, we investigated the effects of SO2 addition on the fermentation process
and volatile aroma compounds of ‘Beibinghong’ ice wine. The basic physicochemical
properties of ice wine and the types and contents of volatile aroma compounds were
analyzed in different SO2 treatment groups, and the fingerprints of volatile compounds in
ice wine brewed with different concentrations of SO2 were constructed. In this study, it
was found that the fermentation time of ice wine was shortest and the total acid content
was relatively low at 10 mg/L, but the types and contents of volatile aroma compounds
did not increase significantly; the total content of volatile aroma compounds of ice wine
was highest at 80 mg/L. OPLS-DA calculated the VIP values, and the joint analysis of
OAV and VIP values further identified five compounds: ethyl butyrate, ethyl propionate,
ethyl 3-methyl butyrate-M, ethyl 3-methyl butyrate-D, and 3-methyl butyraldehyde, which
were significantly different among the groups treated with different concentrations of SO2.
These compounds might be the critical factors of the effect of SO2 on the volatile aroma
compounds of the ‘Beibinghong’ ice wine. These compounds may be critical factors in
the effect of SO2 on the volatile aroma compounds of ‘Beibinghong’ ice wine. Tasting
of ‘Beibinghong’ ice wine with different SO2 additions revealed that the overall flavor
of ‘Beibinghong’ ice wine was the highest at 30 mg/L. In conclusion, the wine’s best
accumulation of nutrients and flavor was achieved at 30 mg/L of SO2 additions. To
some extent, this experiment reflects the differences in the quality of wines at different
concentrations of SO2 through micro-winemaking, which provided a reference for the
development and promotion of wines, and the results of the study provided a basis for
optimizing the fermentation process of the ‘Beibinghong’ ice wine. As SO2 is a cheap and
effective wine preservative, its complete replacement is not feasible. The optimum level
of SO2 addition in the production of ‘Beibinghong’ ice wine was investigated in order to
minimize the excessive use of SO2 in wine production. The results of this study provide
some theoretical basis for optimizing the fermentation process of ‘Beibinghong’ ice wine
and improving the quality of ice wine.
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Abstract: Actinidia arguta, known for its distinctive flavor and high nutritional value, has seen
an increase in cultivation and variety identification. However, the characterization of its volatile
aroma compounds remains limited. This study aimed to understand the flavor quality and key
volatile aroma compounds of different A. arguta fruits. We examined 35 A. arguta resource fruits
for soluble sugars, titratable acids, and sugar–acid ratios. Their organic acids and volatile aroma
compounds were analyzed using high-performance liquid chromatography (HPLC) and headspace
gas chromatography–ion mobility spectrometry (HS-GC-IMS). The study found that among the
35 samples tested, S12 had a higher sugar–acid ratio due to its higher sugar content despite having a
high titratable acid content, making its fruit flavor superior to other sources. The A. arguta resource
fruits can be classified into two types: those dominated by citric acid and those dominated by quinic
acid. The analysis identified a total of 76 volatile aroma substances in 35 A. arguta resource fruits.
These included 18 esters, 14 alcohols, 16 ketones, 12 aldehydes, seven terpenes, three pyrazines, two
furans, two acids, and two other compounds. Aldehydes had the highest relative content of total
volatile compounds. Using the orthogonal partial least squares discriminant method (OPLS-DA)
analysis, with the 76 volatile aroma substances as dependent variables and different soft date kiwifruit
resources as independent variables, 33 volatile aroma substances with variable importance in projec-
tion (VIP) greater than 1 were identified as the main aroma substances of A. arguta resource fruits.
The volatile aroma compounds with VIP values greater than 1 were analyzed for odor activity value
(OAV). The OAV values of isoamyl acetate, 3-methyl-1-butanol, 1-hexanol, and butanal were signifi-
cantly higher than those of the other compounds. This suggests that these four volatile compounds
contribute more to the overall aroma of A. arguta. This study is significant for understanding the
differences between the fruit aromas of different A. arguta resources and for scientifically recognizing
the characteristic compounds of the fruit aromas of different A. arguta resources.

Keywords: Actinidia argute resources; organic acid; volatile compound; orthogonal partial least
squares discriminant analysis; odor activity value

1. Introduction

Actinidia arguta [(Sieb. & Zucc) Planch. ex Miq.], also known as soft dates, kiwi
berries, kiwi pears, and more, is a large deciduous liana from the kiwifruit family (Ac-
tinidiaceae Gilg & Werderm.) and the kiwifruit genus (Actinidia Lindl) [1]. This char-
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acteristic berry resource is native to China, with wild resources also found in Japan, the
Korean Peninsula, and the Russian Far East [2,3]. Its fruits are tasty and unique in flavor
and rich in nutrients, such as proteins, vitamins, amino acids, minerals, dietary fiber [4],
polysaccharides, polyphenols, alkaloids, volatile oils, proanthocyanidins, and other active
ingredients [5], which have antitumor, antiradiation, antioxidant, antiaging, hypoglycemic,
anti-inflammatory, insomnia-inhibiting, immunity-improving, and laxative functions [6–9].
Nowadays, A. arguta is popular with the public and the market for its rich nutritional and
medicinal value.

Volatile aroma substances are crucial factors that influence fruit quality and consumer
enjoyment [10] as well as important indicators of fruit flavor quality. Research on the
various aromas of fruits can provide a theoretical basis for screening superior resources
and help to better understand and control key flavor quality parameters that may affect
fruit processing [11]. Fruit volatile aroma substances are influenced by various factors,
such as variety, cultivation conditions, climatic conditions, ripening period, and storage
conditions [12,13]. Dozens of compounds, mainly esters, alcohols, aldehydes, alkenes, and
ketones, have been identified in the fruits of A. arguta varieties [14,15]. However, previous
studies on volatile aroma substances of A. arguta have mainly focused on varieties and wine
products [14,16]. Sun Yang et al. [15] detected 41 compounds from the fruits of different A.
arguta varieties. There were differences in the types and contents of the aroma components
between varieties, with ‘Autumn Honey’ having the highest number of the kinds of aroma
substances. Zhang Baoxiang et al. [17] detected 56 aroma substances in different varieties of
A. arguta-brewed dry wine, clarified the composition and content of 46 of them, and found
that the aroma components of different types of brewed dry wine were the same, but the
range varied greatly through analysis. Little research has been performed on the volatile
aroma substances of A. arguta resource fruits, which should be considered. Meanwhile, the
differences between the volatile aroma components of different A. arguta resource fruits
are not apparent. Therefore, this study aimed to detect their volatile aroma components
and to identify the main compounds that affect the volatile aroma components of A. arguta
resource fruits.

Currently, the commonly used methods for the detection and analysis of fruit aroma
substances are gas chromatography–mass spectrometry (GC-MS), gas chromatography–
ion mobility chromatography (GC-IMS), and gas chromatography–olfactometry (GC-O-
MS) [17–19]. However, GC-MS and GC-O-MS have several disadvantages, including the
need for sample pre-treatment, a more complex operation process, a long assay time, and
excessive sample consumption [20]. The pre-treatment process may cause damage to the
aroma substances present in the models themselves, leading to differences in the types
and contents of the detected aroma substances [21]. On the other hand, GC-IMS is an
instrumental analytical technique that separates ions of the detected substance according
to their ion mobility at atmospheric pressure. It has several advantages, such as simple
sample preparation, easy operation, high sensitivity, fast analytical speed, and even trace
amounts of volatile compounds can be detected [22–24]. In addition, ion mobility can
significantly separate isomers and isobaric compounds [25]. GC-IMS is a recently dis-
covered analytical technique for detecting volatile compounds in mixed analytes [26]. It
combines the separation properties of GC with the fast correspondence and high sensitivity
of IMS, which allows the detection of alcohols, esters, aldehydes, ketones, and aromatics,
including even the most complex and problematic matrices [27], and has been widely used
for the study of volatile compounds in food sciences, e.g., in kiwifruit [19], jujube [28],
melons [29], wines [30], eggs [31], and honey [32]. Compared with GC-MS, GC-IMS does
not require sample pre-processing and preserves the original aroma components of the
sample intact. Multivariate statistical methods, such as principal component analysis (PCA)
modeling, orthogonal partial least squares discriminant analysis (OPLS-DA) modeling,
and cluster analysis, are commonly used when analyzing GC-IMS volatiles. Principal
component analysis (PCA) is based on the principle of KL transformation. It uses the
idea of dimensionality reduction to transform multiple indicators into a small number of
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major components that can reflect most of the information of the original variables [33].
Orthogonal partial least squares discriminant analysis (OPLS-DA) is a supervised statistical
method of discriminant analysis, and PCA-based OPLS-DA further inputs the transformed
score information into the model, identifying the key contributors to the variance-related
variables in the model [34,35]. Hierarchical cluster analysis (HCA) calculates the correlation
between samples using defined criteria, which are simplified and combined according to
the degree of correlation to provide a more intuitive and comprehensive comparison of
similar varieties and components [36]. Therefore, HS-GC-IMS mixed multivariate statistical
methods have been widely used in metabolomics and flavoromics studies [37,38].

In this study, the sugar and acid contents of 35 A. arguta resource fruits were deter-
mined. The volatile aroma components were rapidly analyzed and detected by HS-GC-IMS
technology. This produced a top view of the differences and established the fingerprints
of volatile aroma compounds of different A. arguta resource fruits. Furthermore, based on
volatile aroma compounds, a quantitative descriptive analysis of the data was performed
through multivariate statistical analysis to analyze the differences in volatile aroma com-
pounds between individual resources. In addition, principal component analysis, OPLS-DA
analysis, and OAV analysis were combined to screen essential volatile compounds affecting
the fruit flavor of A. arguta resources. This study provides a theoretical basis for screening A.
arguta resources with excellent flavor quality, enhancing and improving the flavor quality
of A. arguta processed products. It also aids in scientifically recognizing the characteristic
compounds of the fruit aroma of different A. arguta resources and provides a theoretical
basis for regulating the flavor quality of processed products.

2. Materials and Methods

2.1. Materials and Reagents
2.1.1. Materials

The 35 resources selected for this study (Table 1) were sampled from the Actinidia
arguta Resource Nursery of the Institute of Special Animal and Plant Sciences of the Chinese
Academy of Agricultural Sciences, Zuojia Town, Jilin City, Jilin Province, China (44◦00′ N;
126◦01′ E). The sampling time was September 2022, when the fruits were ripe. Sampling
was performed by randomly selecting well-grown, medium-sized vines in the resource
nursery, choosing soft date palm kiwifruit with the same degree of exposure to light, the
same size, and similar hardness and fruit that was free of pests and diseases. We picked
about 300 g of fruit from each resource, placed the samples in separate numbered sampling
bags, and transported them back to the lab in an insulated box. We placed the fruit in a
−80 ◦C refrigerator for storage after measuring the relevant indicators on the same day.

2.1.2. Reagents

Analytical purity: anthrone (Sinopharm Chemical Reagent Co., Ltd. Shanghai, China);
ethyl acetate, concentrated sulfuric acid, phosphoric acid (Beijing Chemical Factory, Beijing,
China).

Chromatographic purity: methanol (TEDIA reagent, Fairfield, OH, USA); oxalic acid,
quinic acid, malic acid, shikimic acid, lactic acid, citric acid, ascorbic acid (Shanghai
Yuanye Biotechnology Co., Ltd. Shanghai, China); 4-methyl-2-pentanol (Shanghai Lianshuo
Biotechnology Co., Ltd. Shanghai, China).

2.2. Instruments and Equipment

High-performance liquid chromatograph (Agilent Technologies, Waldbronn,
Germany); FlavourSpec® Flavour Analyzer (G.A.S. It is based on gas chromatography ion
mobility spectrometry (GC-IMS), which has both the high separation of gas chromatog-
raphy and the high sensitivity of ion mobility spectrometry, and can detect trace volatile
organic compounds in the samples without enrichment and concentration and other pre-
processing to maintain the original flavor of the flavor samples, which is very suitable for
the analysis of aroma components. The accompanying software can generate the sample
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aroma fingerprints, which can easily realize the comparison of sample differences and con-
sistency control); CJJ-931 dual-magnetic heating stirrer (Jiangsu Jintan Jincheng Guosheng
Experimental Instrument Factory, Jiangsu); hgs-12 electric thermostatic water bath, KQ-
300E ultrasonic cleaner snowflake ice machine (Beijing Changliu Scientific Instrument Co.,
Ltd. Beijing, China); FA1004B electronic balance (Shanghai Yue Ping Scientific Instrument
Co., Ltd. Shanghai, China); IMark enzyme labeling instrument (Biorad, Philadelphia, PA,
USA); high-speed freezing centrifuge (Allegra 64R, USA); −80 ◦C ultra-low-temperature
refrigerator (Beijing Chengmaoxing Science and Technology Development Co., Ltd. Beijing,
China); WAX columns (RESTEK, Bellefonte, PA, USA).

Table 1. Resources and sources of 35 A. arguta.

No. Name Source No. Name Source No. Name Source

S1 A020203
Fusong County,
Jilin Province,

China
S13 A130701 Ji’an County, Jilin

Province, China S25 B080401 Ji’an County, Jilin
Province, China

S2 A040103 Ji’an County, Jilin
Province, China S14 A130801 Ji’an County, Jilin

Province, China S26 B080701 Ji’an County, Jilin
Province, China

S3 A060902
Zuojia Town,
Jilin Province,

China
S15 A140101

Zuojia Town,
Jilin Province,

China
S27 T040501

Fusong County,
Jilin Province,

China

S4 A100101 Ji’an County, Jilin
Province, China S16 A140301

Zuojia Town,
Jilin Province,

China
S28 T060203 Ji’an County, Jilin

Province, China

S5 A100703 Ji’an County, Jilin
Province, China S17 A140602

Dunhua City,
Jilin Province,

China
S29 T060301

Fusong County,
Jilin Province,

China

S6 A100801 Ji’an County, Jilin
Province, China S18 A160701

Zuojia Town,
Jilin Province,

China
S30 T060503 Ji’an County, Jilin

Province, China

S7 A101201
Dunhua City,
Jilin Province,

China
S19 A170303

Fusong County,
Jilin Province,

China
S31 SH1

Zuojia Town,
Jilin Province,

China

S8 A111001
Zuojia Town,
Jilin Province,

China
S20 A180303

Fusong County,
Jilin Province,

China
S32 SH2

Zuojia Town,
Jilin Province,

China

S9 A120403
Dunhua City,
Jilin Province,

China
S21 A180902

Zuojia Town,
Jilin Province,

China
S33 SH3

Zuojia Town,
Jilin Province,

China

S10 A120601
Dunhua City,
Jilin Province,

China
S22 A191002 Ji’an County, Jilin

Province, China S34 SH4
Zuojia Town,
Jilin Province,

China

S11 A130101 Ji’an County, Jilin
Province, China S23 B020802

Zuojia Town,
Jilin Province,

China
S35 SH5

Zuojia Town,
Jilin Province,

China

S12 A130602 Ji’an County, Jilin
Province, China S24 B070101

Zuojia Town,
Jilin Province,

China

2.3. Methods
2.3.1. Determination of Soluble Sugar and Titratable Acid Content

Soluble sugar content was determined by the anthrone reagent method, and titratable
acid content was determined by titration method with sodium hydroxide solution, both
referring to the Experiment Guideline of Postharvest Physiology and Biochemistry of Fruits and
Vegetables (1st edition, December 2020). Sugar–acid ratio = soluble sugar content/titratable
acid content.
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2.3.2. Determination of Organic Acid Content

The organic acid content was determined by high-performance liquid chromatography
(HPLC), referring to the previously published literature [39]. Oxalic acid, quinic acid, malic
acid, mangiferin acid, lactic acid, and citric acid were analyzed by HPLC using aqueous
phosphoric acid at pH = 2.3 as the aqueous phase and methanol as the organic phase. The
experimental conditions were as follows: the column temperature of the C18-XT (4.6 mm
× 250 mm × 5 mL) column was 25 ◦C, and the flow rate was set to be 0.3 mL/min, and
the injection volume was 10 μL; ascorbic acid was analyzed by the HPLC using aqueous
phosphoric acid at pH = 2.3 as the aqueous phase, and methanol as the organic phase. For
ascorbic acid, 0.2% aqueous phosphoric acid was used as the aqueous phase, and methanol
was used as the organic phase. The test conditions were as follows: the column temperature
of the C18-XT (4.6 mm × 250 mm × 5 mL) column was 25 ◦C, the flow rate was set at
0.5 mL/min, and the injection volume was 10 μL. The standard curves for the seven
measured organic acids are shown in Table 2 below.

Table 2. The organic acid standard curve.

Name Concentration g/L Standard Curves R2

Oxalic acid 1.02 y = 24763x − 735.65 0.9998
Quinic acid 1.01 y = 779.46x − 18.648 0.9962
Malic acid 1.00 y = 1613.5x − 7.0785 0.9999

Shikimic acid 1.00 y = 45865x + 2285.4 0.9977
Lactic acid 1.08 y = 1272.5x − 4.6931 1
Citric acid 1.02 y = 2028.3x − 18.753 0.9999

Ascorbic acid 1.03 y = 24.297x − 41.339 0.9998

2.3.3. HS-GC-IMS Analytical Methods

Headspace gas chromatography–ion mobility spectrometry (HS-GC-IMS) was used
for the determination of volatile aroma substances in the soft date kiwifruit resource fruits,
and the instrument used in the experiment was a FlavourSpec® Flavour Analyzer. Briefly,
3 g of fruit homogenate was placed in a 20 mL headspace vial, 10 μL of 4-methyl-2-pentanol
at 20 ppm was added, and the sample was injected after incubation at 60 ◦C for 15 min, and
three parallel replicates were made for each resource. The chromatographic conditions were
as follows (Table 3): the chromatographic column was a WAX column (15 m × 0.53 mm,
1 μm), the column temperature was 60 ◦C, the carrier gas was N2, and the IMS temperature
was 45 ◦C. The automatic headspace injection conditions were as follows: injection volume
was 300 μL, the incubation time was 10 min, the injection needle temperature was 65 ◦C, the
incubation speed was 500 rpm, and the analysis was carried out using 4-methyl-2-pentanol
as the internal standard with the concentration of 198 ppb, the signal peak volume of 470.02,
and the signal intensity of each signal was about 0.421 ppb. The quantitative calculations
were performed according to the following equations.

Ci =
Cis ∗ Ai

Ais

where Ci is the mass concentration of any component used in the calculation, Cis is the
mass concentration of the internal standard used, and Ai/Ais is the volume ratio between
any signal peak and the signal peak of the internal standard.
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Table 3. Gas chromatography conditions.

Time (min: sec) E1 (Drift Gas) E2 (Carrier Gas) Recording

00:00,000 150 mL/min 2 mL/min rec
02:00,000 150 mL/min 2 mL/min -
10:00,000 150 mL/min 10 mL/min -
20:00,000 150 mL/min 100 mL/min -
30:00,000 150 mL/min 100 mL/min stop

2.4. Odor Activity Value (OAV) Calculation

The odor activity value (OAV) was used to evaluate the overall aroma contribution of
A. arguta fruits. The OAV value was calculated by dividing the concentration of volatile
aroma compounds by the odor threshold. The odor thresholds are determined by reference
to the Compilations of Odour Threshold Values in Air, Water and Other Media (Edition 2011).
Volatile aroma compounds with OAV > 1 were considered to be aromatically active and
contribute significantly to the overall aroma of the samples.

2.5. Data Processing

Excel 2016 was used to organize the experimental data statistically, analysis of variance
(ANOVA) was performed by SPSS (version 23.0, IBM, Armonk, NY, USA), and statistical
analyses of variance were performed on the experimental data to check for significant
differences in the individual results, and all the data were expressed as mean±standard
deviation, with p < 0.05 indicating significant differences.

The HS-GC-IMS results were analyzed using the Volatile Organic Compounds Analy-
sis Software (VOCal) accompanying the FlavourSpec® Flavour Analyzer, and the volatile
aroma compounds were qualitatively analyzed using the retention index database of NIST
and the migration time database of IMS built into the GC×IMS Library Search software;
the GC-IMS detection was performed by using Savitzky–Golay to perform the smoothing
and denoising process, and the migration time normalization method was used by locating
the RIP position at position 1, which means that the actual migration time was divided by
the peak time of the RIP. The Reporter plug-in was used to compare spectral differences
between samples directly, and the Gallery Plot plug-in was used for fingerprinting to
visually compare differences in volatile aroma compounds between fruits from different
soft date kiwifruit sources. OPLS-DA and VIP values were analyzed using Simca software,
and PCA, heatmap, and correlation analyses were performed using the OmicShare tool
(https://www.omicshare.com/tools/, accessed on 19 September 2023).

3. Results and Analysis

3.1. Analysis of Soluble Sugar Content, Titratable Acid Content, and Sugar–Acid Ratio of Fruits
from Different A. arguta Resources

Analysis of the differential results (Table 4) showed differences in soluble sugar content,
titratable acid content and sugar–acid ratio between fruits of different A. arguta resources.
The variation of soluble sugar content was 2.94–13.97%, the resource with the highest
content was S26, which was significantly higher than the other resources, and the lowest
resource was S4; the highest titratable acid content was S24 and S26 with 1.59% and 1.51%,
respectively, and the lowest content was S35 with 0.32%. Fruit flavor is largely influenced
by the levels of sugars and acids in the fruit. A good flavor requires a high sugar content
and a suitable sugar–acid ratio. If the acidity is too high, the fruit may not be palatable.
If the sugar content is high but the acidity is too low, the flavor may be bland and lack
the balance of sweetness and sourness. If both the sugar and acid levels are too low, the
fruit may taste watery and insipid [40]. The sugar–acid ratio of 35 A. arguta resource fruits
was 2.45–28.50, with S35 having the highest sugar–acid ratio but the lowest titratable acid
content, resulting in a more homogeneous flavor. In contrast, S12 has a higher sugar–acid
ratio with titratable acid content at higher sugar content; therefore, its fruit flavor can be
superior to its source.

63



Foods 2023, 12, 3615

Table 4. Content of soluble sugar, titratable acid and sugar–acid ratio of different A. arguta resources.

Name Soluble Sugar % Titratable Acid % Sugar–Acid Ratio

S1 5.74 ± 0.34 opq 0.78 ± 0.01 k 7.39 ± 0.39 hij
S2 5.35 ± 0.08 q 1.00 ± 0.06 ij 5.34 ± 0.23 op
S3 6.66 ± 0.17 jkl 0.98 ± 0.08 j 6.80 ± 0.47 ijkl
S4 2.94 ± 0.12 u 1.20 ± 0.04 ef 2.45 ± 0.17 t
S5 5.84 ± 0.24 nop 0.82 ± 0.02 k 7.10 ± 0.38 hijk
S6 5.34 ± 0.09 q 0.97 ± 0.07 j 5.51 ± 0.48 nop
S7 6.49 ± 0.42 klm 0.85 ± 0.04 k 7.63 ± 0.21 hi
S8 7.04 ± 0.16 ij 1.39 ± 0.09 c 5.08 ± 0.30 pq
S9 4.14 ± 0.03 s 0.98 ± 0.01 j 4.24 ± 0.04 r

S10 6.65 ± 0.39 jkl 1.00 ± 0.18 ij 6.65 ± 0.87 jkl
S11 7.14 ± 0.33 hi 1.04 ± 0.03 hij 6.89 ± 0.47 ijkl
S12 9.40 ± 0.41 b 0.77 ± 0.05 k 12.21 ± 0.64 e
S13 4.44 ± 0.09 rs 0.64 ± 0.01 l 6.93 ± 0.20 ijkl
S14 6.03 ± 0.23 no 1.05 ± 0.02 hij 5.72 ± 0.15 mnop
S15 7.20 ± 0.48 ghi 1.11 ± 0.08 fgh 6.47 ± 0.86 klm
S16 6.05 ± 0.21 mno 0.95 ± 0.08 j 6.35 ± 0.71 klm
S17 4.85 ± 0.33 r 0.84 ± 0.04 k 5.73 ± 0.62 mnop
S18 8.25 ± 0.10 cd 1.17 ± 0.02 efg 7.05 ± 0.06 ijk
S19 3.48 ± 0.10 t 1.02 ± 0.03 hij 3.43 ± 0.20 s
S20 6.84 ± 0.32 ijk 1.02 ± 0.01 hij 6.71 ± 0.39 jkl
S21 6.82 ± 0.27 ijk 1.26 ± 0.02 de 5.42 ± 0.23 op
S22 8.31 ± 0.30 cd 1.05 ± 0.03 hij 7.92 ± 0.34 h
S23 5.71 ± 0.09 opq 1.09 ± 0.04 ghi 5.24 ± 0.17 o
S24 8.70 ± 0.40 c 1.59 ± 0.06 a 5.48 ± 0.15 op
S25 9.36 ± 0.54 b 1.47 ± 0.01 b 6.35 ± 0.34 klmn
S26 13.97 ± 0.10 a 1.51 ± 0.05 ab 9.0.26 g
S27 5.43 ± 0.29 pq 1.23 ± 0.02 e 4.40 ± 0.24 qr
S28 7.79 ± 0.17 ef 1.04 ± 0.09 hij 7.47 ± 0.60 hij
S29 8.18 ± 0.36 de 1.33 ± 0.04 cd 6.15 ± 0.41 lmno
S30 7.54 ± 0.06 fgh 1.17 ± 0.04 efg 6.46 ± 0.23 klm
S31 8.30 ± 0.06 cd 0.47 ± 0.03 mn 17.78 ± 1.06 b
S32 6.22 ± 0.06 lmn 0.40 ± 0.02 no 15.67 ± 0.39 c
S33 7.62 ± 0.14 fg 0.53 ± 0.02 m 14.47 ± 0.38 d
S34 3.68 ± 0.09 t 0.37 ± 0.01 o 10.04 ± 0.26 f
S35 9.23 ± 0.07 b 0.32 ± 0.01 o 28.50 ± 1.04 a

CV(%) 30.74 32.03 61.25
Means with different letters in the same column express significant differences (Duncan’s test p < 0.05).

3.2. Analysis of Organic Acid Content in Fruits of Different A. arguta Resources

The type and content of organic acids affect the acidity of A. arguta fruits and the
texture of A. arguta products, and the content of organic acids varies among different
resources (Table 5). Organic acid is an essential component of the fruit and an essential
factor affecting fruit quality [41]. The highest oxalic acid content was 0.182 g/L for S12,
and the lowest was 0.013 g/L for S31. Oxalic acid, as a ubiquitous component in plants,
has long been recognized as a metabolic end product with no obvious physiological role,
but from the perspective of food nutrition and human health, long-term consumption of
oxalic-acid-rich fruits and vegetables not only reduces the effectiveness of calcium and trace
elements in the body but also causes the human body to suffer from renal calculi, diseases
of the oral and digestive tracts, and so on [42]. The malic acid in fruits inhibits bacterial
damage to the pulp and facilitates fruit preservation [43,44], and S8 had the highest malic
acid content of 2.868 g/L, while the lowest content of S5 was 0.212 g/L. Quinic acid and
shikimic acid will directly affect the bitter taste of the fruit and are intermediate products
of the aromatic substance synthesis pathway, thus indirectly affecting the quality of the
fruit [45]; the highest content of quinic acid was S2, 11.426 g/L, which was significantly
higher than the other resources, and the lowest content was S17, 1.64 g/L. The shikimic
acid content was 0.018–0.093 g/L. Lactic acid was detected in the fruits of some A. arguta
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resources, with the highest level of 0.329 g/L in S1 and the lowest level of 0.015 g/L in
S9. Citric acid is characterized by producing acidity quickly and for a sustained period
time, and it is capable of causing changes in the threshold of taste substances such as
sweetness, sourness, astringency, and bitterness [46]. The citric acid content in the fruits
of 35 A. arguta resources was 1.987–10.823 g/L, and the resource with the highest content
was S2, which was significantly higher than the other resources. Ascorbic acid is widely
present in plant tissues and has strong antioxidant properties and a variety of biological
functions, such as resistance to stress and disease, but it also can be used for post-harvest
storage for horticultural tea growers [47]. The resource with the highest content of ascorbic
acid, S5, was 904.739 g/L, which was significantly higher than the other resources, and the
content of S7 was the lowest, which was 28.740 g/L. The 35 A. arguta resource fruits could
be categorized into citric-acid-dominant and quinic-acid-dominant types.

Table 5. Content of organic acids in different A. arguta resources.

Name Oxalic Acid g/L Quinic Acid g/L Malic Acid g/L
Shikimic Acid

g/L
Lactic Acid g/L Citric Acid g/L Ascorbic Acid g/L

S1 0.030 ± 0.003 p 7.714 ± 0.318 c 0.765 ± 0.040 st 0.51 ± 0.002 g 0.329 ± 0.0.014 a 8.113 ± 0.051 f 59.617 ± 0.067 x
S2 0.026 ± 0.003 pq 11.426 ± 0.109 a 2.753 ± 0.066 b 0.026 ± 0.002 n 0.208 ± 0.010 b 10.823 ± 0.149 a 67.872 ± 0.063 w
S3 0.133 ± 0.014 efghij 6.085 ± 0.051 g 1.666 ± 0.017 i 0.043 ± 0.004 hi N.A. 7.890 ± 0.042 g 334.402 ± 15.919 m
S4 0.154 ± 0.014 bcd 5.764 ± 0.039 i 1.591 ± 0.024 j 0.019 ± 0.002 p 0.102 ± 0.003 g 8.642 ± 0.067 d 677.253 ± 0.273 e
S5 0.105 ± 0.011 no 2.872 ± 0.017 v 0.212 ± 0.017 y 0.046 ± 0.002 hi N.A. 3.479 ± 0.018 x 904.739 ± 0.215 a
S6 0.141 ± 0.013 cedfg 6.682 ± 0.026 e 1.184 ± 0.023 n 0.062 ± 0.002 de 0.046 ± 0.003 m 8.266 ± 0.017 e 82.676 ± 0.195 u
S7 0.156 ± 0.008 bc 5.432 ± 0.018 k 0.684 ± 0.010 u 0.081 ± 0.002 b 0.083 ± 0.002 i 7.267 ± 0.024 j 28.740 ± 0.341 z
S8 0.016 ± 0.001 pq 8.544 ± 0.016 b 2.868 ± 0.014 a 0.073 ± 0.003 c N.A. 10.547 ± 0.030 b 209.252 ± 0.094 r
S9 0.020 ± 0.001 pq 5.447 ± 0.014 k 1.000 ± 0.011 p 0.043 ± 0.003 hi 0.015 ± 0.002 o 6.735 ± 0.014 l 530.055 ± 0.125 g
S10 0.165 ± 0.010 b 6.378 ± 0.018 f 1.338 ± 0.010 l 0.041 ± 0.004 ij N.A. 6.793 ± 0.013 k 772.682 ± 0.173 d
S11 0.136 ± 0.017 efghi 4.047 ± 0.014 st 2.174 ± 0.013 e 0.047 ± 0.003 hi 0.060 ± 0.003 kl 5.014 ± 0.019 u 338.561 ± 0.316 m
S12 0.182 ± 0.010 a 5.486 ± 0.013 k 1.924 ± 0.021 f 0.026 ± 0.003 no 0.147 ± 0.008 d 6.837 ± 0.009 k 56.312 ± 0.166 x
S13 0.139 ± 0.013 defgh 5.001 ± 0.013 m 1.697 ± 0.012 hi 0.064 ± 0.002 d N.A. 3.153 ± 0.012 y 338.813 ± 0.188 m
S14 0.156 ± 0.017 cdef 3.976 ± 0.014 tu 2.428 ± 0.016 c 0.018 ± 0.002 p N.A. 6.624 ± 0.010 m 393.866 ± 0.133 k
S15 0.020 ± 0.002 pq 6.983 ± 0.009 d 1.744 ± 0.021 g 0.061 ± 0.002 de 0.113 ± 0.004 f 8.076 ± 0.020 f 48.530 ± 0.132 y
S16 0.150 ± 0.015 bcde 4.838 ± 0.010 no 1.230 ± 0.015 m 0.057 ± 0.002 fg N.A. 5.680 ± 0.024 r 46.768 ± 0.093 y
S17 0.092 ± 0.011 o 1.641 ± 0.013 w 0.302 ± 0.014 x 0.091 ± 0.002 a 0.072 ± 0.002 j 1.987 ± 0.007 z 65.416 ± 0.071 w

S18 0.122 ± 0.008
hijklm 2.871 ± 0.014 v 0.514 ± 0.031 v 0.084 ± 0.003 b N.A. 3.136 ± 0.021 y 244.467 ± 0.093 p

S19 0.018 ± 0.001 pq 4.615 ± 0.011 q 2.227 ± 0.014 d 0.034 ± 0.003 kl 0.137 ± 0.005 e 8.832 ± 0.022 c 51.441 ± 0.078 y
S20 0.115 ± 0.100 bc 5.901 ± 0.018 h 0.982 ± 0.009 p 0.061 ± 0.005 ef N.A. 6.486 ± 0.012 n 510.680 ± 0.105 h
S21 0.106 ± 0.007 mno 3.902 ± 0.036 uv 0.920 ± 0.007 q 0.018 ± 0.002 p 0.070 ± 0.003 j 4.362 ± 0.014 w 795.696 ± 0.217 c
S22 0.138 ± 0.027 ijklm 5.828 ± 0.011 hi 1.706 ± 0.013 h 0.035 ± 0.003 kl N.A. 6.138 ± 0.027 p 125.166 ± 0.182 s
S23 0.016 ± 0.002 pq 7.082 ± 0.005 d 0.903 ± 0.010 q 0.075 ± 0.003 c N.A. 5.215 ± 0.011 t 109.725 ± 0.074 t
S24 0.142 ± 0.008 cdefg 6.447 ± 0.014 f 0.776 ± 0.010 st 0.054 ± 0.003 fg 0.094 ± 0.003 h 6.291 ± 0.017 o 249.555 ± 0.096 o
S25 0.118 ± 0.010 jklnm 5.647 ± 0.008 j 1.180 ± 0.031 n 0.028 ± 0.002 mn N.A. 7.695 ± 0.014 i 857.254 ± 0.061 b
S26 0.096 ± 0.010 o 5.312 ± 0.040 l 1.522 ± 0.008 k 0.067 ± 0.003 d 0.054 ± 0.004 l 7.761 ± 0.009 h 457.152 ± 0.089 i
S27 0.173 ± 0.006 pq 4.560 ± 0.007 q 1.500 ± 0.007 k 0.035 ± 0.002 jk 0.061 ± 0.003 k 7.945 ± 0.022 g 582.221 ± 0.123 f
S28 0.146 ± 0.027 fghijk 5.665 ± 0.013 j 0.850 ± 0.012 r 0.049 ± 0.004 h N.A. 5.176 ± 0.012 t 277.654 ± 0.143 n

S29 0.119 ± 0.007
ijklmn 4.292 ± 0.013 r 1.099 ± 0.027 o 0.046 ± 0.002 hi 0.161 ± 0.002 c 5.595 ± 0.014 s 393.842 ± 0.131 k

S30 0.113 ± 0.007 lmn 4.092 ± 0.009 s 0.744 ± 0.012 t 0.043 ± 0.006 hi N.A. 3.034 ± 0.013 y 74.301 ± 0.137 v
S31 0.013 ± 0.002 q 4.748 ± 0.024 op 0.295 ± 0.010 x 0.037 ± 0.003 kl 0.027 ± 0.002 n 5.231 ± 0.023 t 237.644 ± 0.058 q
S32 0.115 ± 0.010 klmn 4.602 ± 0.021 q 0.289 ± 0.010 x 0.027 ± 0.002 n 0.033 ± 0.002 n 5.218 ± 0.027 t 66.265 ± 0.064 w
S33 0.128 ± 0.011 ghijkl 4.667 ± 0.040 pq 0.795 ± 0.017 s 0.038 ± 0.003 jk N.A. 5.619 ± 0.019 s 420.748 ± 0.110 j

S34 0.140 ± 0.013
fghijkl 4.925 ± 0.027 mn 0.463 ± 0.017 w 0.032 ± 0.002 lm 0.083 ± 0.003 i 5.842 ± 0.009 q 456.249 ± 0.090 i

S35 0.142 ± 0.010 defgh 4.560 ± 0.013 q 0.669 ± 0.017 u 0.021 ± 0.002 op 0.044 ± 0.003 m 4.932 ± 0.017 v 352.468 ± 0.095 l
CV(%) 51.7 31.95 62.09 43.17 131.07 32.11 79.72

Means with different letters in the same column express significant differences (Duncan’s test p < 0.05).

The results of hierarchical clustering analysis (HCA) can better respond to the char-
acteristics of organic acid substances in the fruit samples of different A. arguta resources;
according to the organic acid cluster analysis of each resource, it can be seen that when
the value of the transverse tangent line is taken between 200 and 400 (Figure 1), the 35 A.
arguta resource fruit samples are divided into six classes: the first class is S5 and S25; the
second class is S4, S10, and S21; the third category is S27, S9, and S20; the fourth category is
9 resources, such as S35 and S3; the fifth category is S8, S28, S31, S18, and S214; and the sixth
category is 13 resources, such as S22 and S23, which indicates that the samples contained
in each category have similarity in organic acids when the value of the transversal line is
taken between 200 and 400, and the results of which also show better clustering of fruit
samples from different resources of A. arguta resources.
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Figure 1. Hierarchical cluster analysis of organic acid content in fruits of different A. arguta resources.

3.3. HS-GC-IMS Analysis of Fruits from Different A. arguta Resources

The aroma description of A. arguta fruits is one of the critical determinants of their
quality, and their flavor is also an essential factor in determining whether they are accept-
able to consumers [48]. The type and content of volatile compounds and their interactions
are the main factors affecting the quality of A. arguta fruits. Gas chromatography–mass spec-
trometry (HS-GC-IMS) is commonly used to characterize and quantify volatile compounds
in food [49].

3.3.1. Two-Dimensional Mapping of Volatile Aroma Substances in Fruits of Different A.
Arguta Resources

There were differences in the two-dimensional mapping profiles of volatile aroma
substances of 35 A. arguta resources (Figure 2). The differences were mainly reflected in
the content, and the color represented the concentration of the substances, with white
representing a low concentration of the substances, red representing a high concentration
of the substances, and darker colors representing a higher concentration of the substances.
The volatile aroma substances in the 35 A. arguta resource fruits were well separated by
HS-GC-IMS, and the differences between individual samples could be seen.

3.3.2. Comparative Pattern Spectrum of Differences in Volatile Aroma Substances of Fruits
from Different A. arguta Resources

HS-GC-IMS was used to obtain full information on the volatiles in the fruits of the
A. arguta resource, and difference comparison mode spectra represented the differences
between the samples. The horizontal and vertical axes of the difference plots represent
the ionic migration time of the volatile compounds and the retention time at the ionic
peaks of the reactants, respectively, and each point represents the monomer of the volatile
compounds extracted from the samples or their dimers [50]. Taking S1 as a reference
(Figure 3), the rest of the spectrum subtracts the signal peaks in S1 to obtain the difference
comparison mode spectrum between the two. The red area in the graph indicates that the
concentration of the substance in this sample is higher than that of S1, and the blue area
indicates that the attention of the substance in this sample is lower than that of S1. The
white area indicates that the attention of the substance in this sample is comparable to
that of S1. Differential mapping analysis showed that S1 contained higher levels of hexyl
propanoate, ethyl (E)-hex-2-enoate, ethanol, isobutanol, hexanal, and trans-2-hexenal than
some of the resource fruits.
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3.3.3. Identification of Substances

For the qualitative analysis of various volatiles in the A. arguta resource fruit samples,
the drift times and RIs in the IMS were compared to authentic controls. Subsequently, we
identified 97 signal peaks (including monomers and dimers) from the two-dimensional
profiles, and 76 volatile aroma substances were initially identified, as shown in Table 6.
These contain 18 esters, 14 alcohols, 16 ketones, 12 aldehydes, seven terpenoids, three
pyrazines, two furans, two acids and two other compounds, which essentially cover
the range of aroma compounds found in fruits [19,51–53]. Nineteen of these substances,
including methyl butanoate, isoamyl acetate, ethyl hexanoate, ethyl acetate, carveol, 1-
hexanol, cineole, and 2-heptanone, formed dimers, which was related to the concentration
of the volatile aroma substances and their proton affinity. The transfer of protons from
reactants with higher proton affinity than water in highly concentrated substances to
substances with higher proton affinity thus contributes to the formation of dimers [54].

Figure 2. Cont.
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Figure 2. HS-GC-IMS 2D mapping (top view).

3.3.4. Fingerprint Analysis of Volatile Components of Fruits from Different A. arguta
Resources

Although difference mapping shows overall differences in flammable substances in
fruits from different A. arguta sources, fingerprinting can more accurately identify differ-
ences in the nature and concentration of individual substances. In fingerprint mapping,
each row represents the overall signal peak of a sample, and each column represents the
same substance in a different model. Color refers to the content of volatile substances;
the brighter the color, the higher its content. As shown in Figure 4, the volatile com-
pounds with high variability among the A. arguta resource fruit samples were methyl
acetate, hexyl propanoate, hexyl acetate, ethyl hexanoate-D, ethyl isovalerate, butyl acetate-
D, citronellyl formate, cineole-D, 2-heptanol, 2-octanone, 2-butanone, 3,5-dimethyl-1,2-
cyclopentanedione, butanal, isovaleraldehyde, (Z)-4-heptenal, myrcene, and 2-methoxy-3-
methylpyrazine.
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3.4. Analysis of the Relative Content of Volatile Components
3.4.1. Esters

Ester compounds are the most diverse compounds detected in each resource (Figure 5),
which mainly reflect fruity and floral aromas [55]; among the ester compounds detected,
methyl butanoate, ethyl acetate, butyl acetate, and ethyl hexanoate have apple and pineap-
ple aromas, ethyl butyrate has a floral aroma, and isoamyl acetate has a sweet aroma. The
relative content of esters in 35 resource fruits was 2142.40–6065.74 ppb, accounting for
12.91–30.22% of the total volatiles, of which the relative content of esters in S34 was the
highest. The content of ethyl propanoate was the highest among the ester compounds
detected in the 35 resource fruits. It best reflected the fruity flavor of A. arguta fruits.

Figure 3. Cont.
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Figure 3. HS-GC-IMS difference comparison mode spectra.
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Figure 4. Fingerprints of volatile compounds in fruits of different A. arguta resources.

3.4.2. Alcohols

The percentage of alcohols was 8.78–21.45% (Figure 5), and their aroma was mainly
grassy and alcoholic. The highest relative content of alcohols was S18, with 4420.72 ppb, fol-
lowed by S24, with 3126.88 ppb, and the lowest relative content was S33, with 1520.96 ppb.
Thirty-five A. arguta resource fruits were detected with a higher content of isobutanol and
1-hexanol among the alcohols, which best reflected the grassy aroma of A. arguta fruits.
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3.4.3. Ketones

The content of ketones was 1581.99–6614.19 ppb, accounting for 8.50–32.95% of the
total volatile compounds (Figure 5). The resource with the highest content was S34, and
the lowest was S27. The ketones detected in the fruits of 35 A. arguta resources were more
elevated in 2-heptanone and hydroxyacetone, with 2-heptanone having a banana aroma
and slight medicinal flavor.

3.4.4. Aldehydes

Aldehydes were the compounds with the highest relative content detected in the
34 samples except S34, which was similar to the results of Sun Yang [14] et al. at 3480.11–
11746.16 ppb, with the highest resource being S6 and the lowest S34, and the content of
aldehydes in each sample accounted for 17.34–58.38% of the total volatiles (Figure 5). The
highest relative content of aldehydes detected in the fruits of the resources was trans-2-
hexenal, which was mainly characterized by grassy, apple, and aldehydic aromas.

3.4.5. Other Compounds

Compounds such as terpenoids, acids, pyrazines, and furans were also detected in the
fruits of the A. arguta resource, all in low relative amounts, accounting for 2.22–8.51%,
0.65–2.27%, 0.26–1.86%, and 0.64–2.00% of the total volatile compounds, respectively
(Figure 5).

3.5. Principal Component Analysis of Fruit Samples from Different A. arguta Resources

In order to better present and differentiate between fruit samples from different A.
arguta resources, volatile compounds identified by HS-GC-IMS were analyzed by PCA.
Unsupervised multidimensional statistics (PCA) were used to determine the samples to
distinguish the magnitude of variation among different sample groups, subgroups, and
within-group samples of fruits from various A. arguta resources. The contribution rate of
PC1 was 29.2%, and that of PC2 was 13.1%, with the 35 groups of samples showing a clear
tendency to segregate on the two-dimensional plots, and the magnitude of variation of
the samples within the groups was obvious. The principal component results (Figure 6)
showed significant overall differences in the aroma substances of the 35 groups of samples
and differentiated them. As shown in Figure 6, the magnitude of intra-group variation was
more significant for S14, S23, and S15, and the distance of the aroma characteristics of S14,
S34, S35, S31, S32, S2, and S33 was farther away from each other, indicating that there were
significant differences in the aroma characteristics among the different samples.
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(A) 

 
(B) 

Figure 5. Content (A) and percentage (B) of volatile compounds in different A. arguta resources.

76



Foods 2023, 12, 3615

Figure 6. Principal component analysis of fruit samples from different A. arguta resources.

3.6. OPLS-DA Analysis and the Model Validation of Volatile Aroma Compounds of A. arguta
Resource Fruits

OPLS-DA is a supervised discriminant statistical method that not only realizes the
identification of sample differences but also obtains the characteristic markers of sample
differences [56]. The contribution of each variable to the aroma of A. arguta was further
quantified based on the variable importance (VIP) in the OPLA-DA model, and the volatile
aroma compounds with VIP values greater than 1 were screened as the main characteristic
volatile markers [57]. With 76 volatile aroma substances as dependent variables and
different A. arguta resources as independent variables, effective differentiation of A. arguta
fruit samples from 35 resources could be achieved by OPLS-DA (Figure 7A). The fit index
(RX2) for the independent variable in this analysis was 0.987, the fit index (RY2) for the
dependent variable was 0.793, and the model prediction index (Q2) was 0.554, with R2 and
Q2 exceeding 0.5 to indicate acceptable model fit results [58]. After 200 replacement tests,
as shown in Figure 7B, the intersection of the Q2 regression line with the vertical axis was
less than 0, indicating that there was no overfitting of the model and validating the model,
and it was considered that the results could be used for the identification and analysis of
volatile aroma compounds in the fruits of different A. arguta resources.

The aroma quality of soft date kiwifruit fruit depends on the result of the joint action
of several volatile aroma compounds; according to the criteria of p < 0.05 and VIP > 1,
33 kinds of A. arguta resource fruit volatile aroma substances were screened out as the main
aroma substances (Figure 8), among which there are eight kinds of esters, five kinds of
alcohols, six kinds of ketones, six kinds of aldehydes, two kinds of acids, three kinds of
terpenoids, one kind of furan, and two kinds of other compounds.

3.7. OAV Analysis of the Main Aroma Components of Fruit Samples from Different
A. arguta Resources

Although HS-GC-IMS characterized and quantified the volatile aroma substances of A.
arguta resource fruits and OPLS-DA can screen potential characteristic volatile markers of
volatile aroma substances of A. arguta resource fruits, the level of volatile aroma substance
content does not determine the aroma contribution of each substance. Consumers usually
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judge the acceptability of food by aroma and flavor [59]. The odor activity of volatile
compounds in A. arguta fruits is one of the main sensory characteristics that determine
the quality of the fruit. OAV can reflect the contribution of individual volatile aroma com-
pounds to the characteristic flavor of the sample. The OAV of volatile aroma compounds
depends on their concentration and odor threshold. Based on previous studies, it was
shown that volatile aroma compounds with OAV>1 contributed more to the overall aroma
of the samples, and the larger the OAV value, the greater the contribution of the com-
pound [60]. In this study, the volatile aroma compounds screened by OPLS-DA with VIP
values greater than 1 were analyzed for OAV, and a total of 18 volatile aroma compounds
with OAV > 1 were detected according to the calculation (Supplementary File S2), among
which six types of esters were esters, namely methyl butanoate, isoamyl acetate, hexyl
propanoate, butyl acrylate, butyl isovalerate and 1-methoxy-2-propyl acetate; three types
of alcohols, namely 3-methyl-1-butanol, 1-hexanol, and leaf alcohol; three types of ketones,
namely l(-)-Carvone, 5-methyl-3-heptanone, and 3,4-dimethyl-1,2-cyclopentanedione; three
types of aldehydes, namely heptanal, butanal, and isovaleraldehyde; and three types of
terpenes, namely dipentene, alpha-pinene, and terpinolene. Although the OAV values
of the 35 A. arguta samples varied, in comparison, isoamyl acetate, 3-methyl-1-butanol,
1-hexanol, and butanal had higher OAV values than the other compounds, ranging from
183.09 to 1175.54, 10.19 to 6.98, 33.55 to 126.40, and 30.42 to 90.93, respectively, suggesting
that the contribution of these four volatile compounds to the overall kiwifruit aroma was
greater. Isoamyl acetate had a fruity, sweet, and floral aroma; 3-methyl-1-butanol had an
alcoholic and fruity aroma; and 1-hexanol had a grassy, fruity, sweet, and alcoholic aroma,
which are essential aromatic characteristics in A. arguta fruits.

3.8. Heat Map Analysis, PCA Analysis and Correlation Analysis of Volatile Aroma Compounds
with OAV > 1 in Fruits of Different A. arguta Resources

Concentrations of aroma substances with OAV greater than 1 in volatile compounds
from 35 A. arguta resource fruit samples were clustered using hierarchical analysis, and
similarity was calculated using Pearson. Based on the heat map analysis of the samples
(Figure 9), the red color indicates the high expression of the volatile aroma compound in
the embodiment, and the blue color indicates the low expression of the volatile aroma com-
pound in the selection, which can clearly show the differences between the concentrations
of each substance in different A. arguta resources.

Volatile aroma compounds with OAV values greater than 1 were analyzed in the PCA
of the fruits of A. arguta resources (Figure 10). The contribution of PC1 was 20.7% and the
contribution of PC2 was 13.6%. The PCA scatters of most of the samples were dispersed,
indicating that the similarity between these samples was low. Few samples are distributed
in the second quadrant, only S5, S31, and S32, and the distribution is more dispersed. The
scatters of the samples distributed in the center of the axes are more clustered, indicating
higher similarity between them.

A significant correlation between substances is indicated by a correlation coefficient
between 0.8 and 1.0, a strong correlation is indicated by a correlation coefficient between 0.6
and 0.8, a moderate correlation is indicated by a correlation coefficient between 0.4 and 0.6, a
weak correlation is indicated by a correlation coefficient between 0.2 and 0.4, and correlation
coefficients between 0 and 0.2 indicate that there is no correlation between the substances
or that the correlation is very weak. As can be seen in Figure 11, there is a highly significant
correlation between 1-hexanol and leaf alcohol and a strong correlation between 1-methoxy-
2-propyl acetate and heptanal, alpha-pinene, and terpinolene. Moderate correlations were
found between methyl butanoate and hexyl propanoate, 1-methoxy-2-propyl acetate and
isovaleraldehyde, 1-hexanol and isovaleraldehyde, and dipentene and alpha-pinene. A
strong negative correlation was found between methyl butyrate and heptanal.
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Figure 7. OPLS-DA of volatile aroma compounds in fruits of different A. arguta resources (A) and
model cross-validation results (B).
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Figure 8. OPLS-DA analysis of VIP values of major volatile aroma substances in fruits of different A.
arguta resources.

Figure 9. Clustering heat map analysis of volatile aroma compounds with OAV greater than 1 in
fruits of different A. arguta resources.
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Figure 10. Scatter plot of PCA analysis of volatile aroma compounds with OAV greater than 1 in
fruits of different A. arguta resources.

 

Figure 11. Correlation analysis of volatile aroma compounds with OAV greater than 1 in fruits of
different A. arguta resources.
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4. Conclusions

Actinidia arguta, a type of kiwifruit, has good organoleptic quality and rich nutritional
value. Therefore, it is important to study its flavor quality and volatile aroma components.
This study used 35 A. arguta resource fruits as materials to measure and analyze their
soluble sugar, titratable acid, and sugar–acid ratio. The results showed that the soluble
sugar content of 35 A. arguta resource fruits was 2.94–13.97%, the content of titratable
acid was 0.32–1.59%, and the sugar–acid ratio was 2.45–28.50. In contrast, S12 had a
higher sugar–acid ratio with a higher titratable acid content and a higher sugar content,
which indicated a superior fruit flavor compared to its source. High-performance liquid
chromatography (HPLC) was used to determine the content of organic acids. The results
showed that the 35 fruits could be classified into two types: citric-acid-dominant and
quinic-acid-dominant. Lactic acid was also detected in some of the fruits.

Headspace gas chromatography–ion mobility spectrometry (HS-GC-IMS) was used
to analyze the volatile aroma substances of different A. arguta resources, and a total of
76 volatile aroma substances were identified, which contained 18 esters, 14 alcohols, 16
ketones, 12 aldehydes, seven terpenes, three pyrazines, two furans, two acids, and two
other compounds, and these compounds basically covered the types of aroma compounds
in the fruit. With 76 volatile aroma substances as the dependent variables and different
soft date kiwifruit resources as the independent variables, 33 volatile aroma substances
with VIP > 1 were screened out as the main aroma substances of A. arguta resource fruits by
OPLS-DA analysis. The volatile aroma compounds screened by OPLS-DA with VIP values
greater than 1 were subjected to OAV analysis, and 18 volatile aroma compounds with
OAV>1 were screened based on the calculation of their odor activity values, including six
esters, three alcohols, three ketones, three aldehydes, and three terpenoids. Comparison of
the OAV values revealed that isoamyl acetate, 3-methyl-1-butanol, 1-hexanol, and butanal
had higher OAV values than the other compounds, indicating that these four volatile
compounds were the main contributors to the overall aroma of A. arguta. Headspace gas
chromatography–ion mobility spectrometry can show the commonalities and differences
between the samples, which makes up for the perceived inadequacy of sensory evaluation
and plays a useful and complementary role in the evaluation of the flavor quality of A.
arguta. This provides a theoretical basis for screening A. arguta resources with excellent
flavor quality, enhancing and improving the flavor quality of A. arguta processed products,
and at the same time, provides a theoretical basis for the scientific understanding of the
characteristic compounds of fruit aroma of different A. arguta. However, the IMS database
is not complete enough, which prevents some compounds isolated by GC from being
characterized. Therefore, the gradual enrichment of the IMS database is an important
development direction for the detection of volatile aroma compounds in the future. At
the same time, it is necessary to further combine the nutritional quality and volatile flavor
quality to establish a more detailed evaluation system of A. arguta quality to lay a theoretical
foundation for the development of excellent A. arguta resources.
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Abstract: Dissecting flavor formation and microbial succession during traditional fermentation help
to promote standardized and large-scale production in the sour shoot industry. The principal ob-
jective of the present research is to elucidate the interplay between the physicochemical attributes,
flavor, and microbial compositions of sour bamboo shoots in the process of fermentation. The find-
ings obtained from the principal component analysis (PCA) indicated notable fluctuations in both the
physicochemical parameters and flavor components throughout the 28 day fermentation process. At
least 13 volatile compounds (OAV > 1) have been detected as characteristic aroma compounds in sour
bamboo shoots. Among these, 2,4-dimethyl Benzaldehyde exhibits the highest OAV (129.73~668.84) and
is likely the primary contributor to the sour odor of the bamboo shoots. The analysis of the microbial
community in sour bamboo shoots revealed that the most abundant phyla were Firmicutes and Pro-
teobacteria, while the most prevalent genera were Enterococcus, Lactococcus, and Serratia. The results of
the correlation analysis revealed that Firmicutes exhibited a positive correlation with various chemical
compounds, including 3,6-nonylidene-1-ol, 2,4-dimethyl benzaldehyde, silanediol, dimethyl-, nonanal,
and 2,2,4-trimethyl-1,3-pentylenediol diisobutyrate. Similarly, Lactococcus was found to be positively cor-
related with several chemical compounds, such as dimethyl-silanediol, 1-heptanol, 3,6-nonylidene-1-ol,
nonanal, 2,2,4-trimethyl-1,3-pentanediol diisobutyrate, dibutyl phthalate, and TA. This study provides
a theoretical basis for the standardization of traditional natural fermented sour bamboo production
technology, which will help to further improve the flavor and quality of sour bamboo.

Keywords: sour bamboo shoot; microbial compositions; traditional fermentation; volatile flavor
compounds; correlation analysis

1. Introduction

Bamboo shoots, the young culms of bamboo plants, are rich in protein, fiber, vitamins,
minerals, and phytosterols [1]. Because bamboo shoots are highly moist and lignify quickly,
they are hard to store for a long time. The fermentation of bamboo shoots into sour bam-
boo shoots makes them palatable in flavor, aroma, texture, and appearance. Additionally,
fermentation promotes the diversity of bamboo shoot products and extends their shelf life [2].

In China and southeast Asia, fermented bamboo shoots have become increasingly
popular due to their unique taste and texture [3]. The critical step in processing sour bamboo
shoots is to ferment them by soaking them in cold boiling water or mountain spring water
for a certain period (15–30 days) [1]. Under the influence of microorganisms, bamboo shoots
gradually turn sour, and the dominant flora and flavor-related flora are diverse among
different fermented bamboo shoot varieties. Among sour bamboo shoots in Guangdong,
Pichia, Candida, and Debaryomyces dominate, while Pichia and Zygosaccharomyces dominate
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in Yunnan [3]. The main genera found in Yunnan sour bamboo shoots (Dendrocalamus
latiflorus Munro) are Lactococcus and Lactobacillus [4]. The fermentation of Guanxi sour
bamboo shoots (Dendrocalamus latiflorus Munro) began with Weissella, then Lactobacillus
increased continuously, finally becoming the dominant bacterial species [5]. When fresh
Ma bamboo shoots are fermented for 30 days, Lactobacillus, Clostridium_sensu_stricto_1,
Enterobacter, and Leuconostoc exhibit a significant association with sour bamboo shoot
flavor. As a characteristic flavor compound of sour bamboo shoots, p-cresol is highly
correlated with Clostridium [6]. Li, et al. [7] have found that Lactobacillus, Lactococcus,
Weissella, and Cyanobacteria dominate the bacterial community in Ma bamboo shoots after
35 days of fermentation. According to the research findings of Xia, et al. [8], several types
of halophilic bacteria were seen to be the predominant strains during the initial three
days of fermentation whereas Lactococcus lactis and Weissella sp. were seen to take over
as the dominant strains after seven days of fermentation. These studies enhance our
understanding of the succession of microbial communities throughout the fermentation
process. However, there is still a lack of clarity when it comes to identifying the specific
compounds that contribute to the notably unpleasant odor of sour bamboo shoots, as well
as the microorganisms that are responsible for their fermentation. Additionally, the diverse
microbial community present in sour bamboo shoots yields a complex and variable flavor
composition [3]. To achieve a comprehensive understanding of fermentation processes
and ensure the consistent quality of fermented products, it is essential to investigate the
succession and function of the microbes responsible for the formation of characteristic
flavor compounds.

Consequently, the current investigation involved acquiring freshly harvested bamboo
shoots (Chimonobambusa szechuanensis (Rendle) Keng f.) sourced from the southwestern
region of China. Following this, the shoots were subjected to a 28 day fermentation process
to prepare sour bamboo shoots. During the sour bamboo shoot fermentation process, flavor
compounds (organic acids and volatiles), physicochemical properties (pH, titratable acidity,
nitrite, and reducing sugar content), and texture properties were analyzed at 1, 7, 14, 21,
and 28 days. In addition, high-throughput sequencing of 16S rRNA was used to study
microbial communities and observe their dynamic changes. As part of this study, we aim
to gain a better understanding of the fermentation mechanisms underlying the production
of sour bamboo shoots by examining the associations between physicochemical properties,
dominant microbes, and major flavor compounds, and by providing a theoretical basis for
the standardization of traditional production methods.

2. Materials and Methods

2.1. Experimental Materials

Fresh bamboo shoots (Chimonobambusa szechuanensis (Rendle) Keng f.) were collected
from Leshan (Sichuan, China) in October 2022, and delivered to the laboratory premises
within 24 h. The bamboo shoots were then carefully cleaned by removing their shells and
washing them in clean water. Ultimately, the central edible component of the bamboo
shoots was retained for further processing.

2.2. Fermentation Process

Before the bamboo shoots were used, they were washed and drained. The bamboo
shoots (shelled) were sliced into julienne strips that were 13 cm long, 0.5 cm wide, and
0.5 cm thick. After placing the strips in a plastic bottle filled with sterile water (450 mL),
the bottle was sealed and left to ferment at room temperature (22 ± 2 ◦C) for 28 days.
Preparation and monitoring of 15 bottles were conducted. On days 1, 7, 14, 21, and 28,
samples were taken randomly from three unopened bottles each time. In addition to the
immediate analysis of the bamboo shoots’ texture, fermentation liquids were stored at
−80 ◦C for further analysis.
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2.3. Texture Analysis

A texture analyzer (TA-XT. Plus, Stable Micro Systems Ltd., Godalming, UK) was used
to measure changes in hardness, friability, and chewiness of sour bamboo shoots during
fermentation. A P36R probe was used to test texture properties on consistently sized sour
bamboo shoots (30 mm × 5 mm × 5 mm). During the experiment, the parameters were
set on a pre-test speed of 2 mm/s, an initial test rate of 1 mm/s, an initial post-test rate of
1 mm/s, a compression rate of 70%, a pause of 5 s, and a trigger force of 5 g.

2.4. Determination of pH and Total Acid (TA)

A pH meter (PHS-25, Greifensee, Switzerland) was used to measure the pH value. TA
measurements were conducted following GB/T 12456-2021 [9]. To determine TA, 10 mL
of fermentation liquid was titrated with 0.1 N NaOH and 0.5 mL of phenolphthalein was
added as an acid–base indicator.

2.5. Determination of Reducing Sugar Content

The reducing sugar content of the fermentation liquids was measured according to
GB 5009.7-2021 [10].

2.6. Determination of Nitrite Content

Nitrite content in fermentation liquids was determined using ultraviolet spectropho-
tometry as described by GB 5009.33-2016 [11]. The nitrite concentration in the fermentation
liquid was determined by adding sulfonamide and N-(1-Naphthyl) ethylenediamine di-
hydrochloride (NED) solutions. At room temperature, the mixtures were incubated for
15 min. Samples were then measured at 538 nm for absorbance. To calculate nitrite, a
NaNO2 standard curve was used (0.02–0.25 mg/L), and the results are expressed in mg/kg.
A triplicate of each determination was performed.

2.7. Determination of Volatile Compounds

Headspace solid-phase microextraction technique and gas chromatography-mass spec-
trometry (HS-SPME-GC-MS/MS, Varian450GC, Varian Analytical Instruments, Harbour,
CA, USA) were employed to identify the volatile compounds present in the fermentation
liquids at various stages of fermentation. As per the methodology, adjusted slightly, of
Chen, et al. [4], the sealed headspace vial housed 8 mL of sour bamboo shoot fermentation
broth and 3 g of NaCl. The vial was subsequently immersed in a water bath set at a temper-
ature of 60 ◦C for 10 min. The volatile components were then effectively collected through
the use of divinylbenzene/carboxy/polydimethylsiloxane (/CAR/PDMS/DVB, 65 μm)
fibers (Supelco Inc., Bellefonte, PA, USA), with the absorption process lasting 30 min. Lastly,
the fibers containing the volatiles were subjected to desorption, which was performed on a
heated GC jet at a temperature of 250 ◦C for 5 min. To quantify the volatile compounds,
100 μL n-hexane containing 38.12 μg cyclohexanone was added as an internal standard.
Volatile compounds were analyzed using a GC-MS with a flexible capillary column (HP-
5MS, 30 m × 0.25 mm × 0.25 μm). Helium gas was used as a carrier gas, with a constant
flow rate of 1.0 mL/min and no split flow. The temperature profile for the GC oven was as
follows: starting at 40 ◦C, it was increased at a rate of 12 ◦C/min to reach 100 ◦C, followed
by a ramp of 5 ◦C/min to 120 ◦C. Thereafter, the temperature was increased to 180 ◦C at
the rate of 8 ◦C/min and held for 5 min. The final temperatures were then reached, in
increments of 12 ◦C/min to 210 ◦C and 8 ◦C/min to 250 ◦C. The mass spectrometer was
operated at a source temperature of 230 ◦C, an ionization potential of 70 eV, and a mass scan
range (m/z) of 40–400 amu. These parameters were consistently maintained throughout the
experiment. We calculated the odor activity value (OAV) of each compound by dividing
the concentration of volatile compounds by the threshold to evaluate the contribution of
the compound to the formation of a sour bamboo aroma. Compounds with OAV ≥ 1 are
believed to be primary contributors to the flavor of sour bamboo shoots [12].
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2.8. Microbial Analysis

Genomic DNA from fermentation liquid was isolated by cetyltrimethylammonium
bromide (CTAB). Nanodrop and agarose gel electrophoresis were used to determine the
purity and concentration of DNA. The obtained DNA was subsequently amplified with 338F
(5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) uni-
versal primer sets, targeting the V3–V4 regions of the 16S rRNA gene. Samples exhibiting a
brightness reading between 400 and 550 bp were selected for sequencing. A 250 bp double-end
sequencing read was obtained using Illumina platform following quality control [13]. By
filtering the raw reads obtained from sequencing with Trimmatic v0.33, the results of the infor-
mation analysis become more accurate and reliable. Subsequently, cutadapt 1.9.1 software was
employed to identify and eliminate primer sequences to obtain clean reads devoid of primer
sequences. The dada2 method in QIIME2 2020.6 was used for denoising [14,15]; here, the
two-ended sequences must be concatenated while the chimeric sequences should be discarded
to obtain the final valid data or non-chimeric reads. Sequences showing ≥97% similarity were
grouped into operational taxonomic units (OTUs). NMDS and PCoA can be used to examine
differences in community structure across samples or groups. LDA effect size (LEfSe) was
used to quantify the differences in community structure between grouped samples.

2.9. Statistical Analysis

A statistical analysis was performed using SPSS Statistics 25.0 (IBM, Chicago, IL,
USA). One-way analysis of variance (ANOVA) with Tukey’s honest significant difference
(HSD) post-hoc test was utilized to determine significant differences among the groups. In
addition, principal component analysis (PCA) and Pearson correlation were used to inves-
tigate the interaction between physiochemical characteristics, flavor, and microorganisms.
All values are represented as mean ± standard deviation (SD) with p < 0.05 considered
statistically significant.

3. Results and Discussion

3.1. Physiochemical Property Analysis

As shown in Table 1, sour bamboo shoots undergo fermentation by gradually lowering
and stabilizing pH levels. After 14 days of fermentation, there was no significant variation in
the pH value (4.92–4.81) of sour bamboo shoots, which is consistent with the reported trend
of fermented bamboo shoots (Dendrocalamus latiflorus Munro) [16]. The acidic environment
during fermentation may be attributed to the acid or other acidic compounds produced
by Bacillus and Lactobacillus, as suggested by Jeyaram, et al. [17]. Such acidic conditions
throughout the fermentation stage are advantageous in enhancing the shelf life and quality
of sour bamboo shoots. The content of TA increased steadily from 2.50 ± 0.43 g/L to
8.75 ± 0.29 g/L (Table 1), consistent with that of Ma sour bamboo shoots [6]. The recorded
nitrite measurements showed a marked increase from an initial level of 0.12 ± 0.01 mg/kg
on day 1 to a peak level of 0.75 ± 0.08 mg/kg. Subsequently, there was a significant
decrease, with measurements registering at 0.19 ± 0.03 mg/kg on day 28. A nitrate-reducing
bacteria reduces nitrate during the early stages of fermentation, resulting in an increase
of nitrite content. Nitrate-reducing bacteria are usually acid-intolerant microorganisms
such as Escherichia coli and Pseudomonas spp. carried by bamboo shoots. The growth of
these bacteria is gradually inhibited as fermentation proceeds, and the amount of nitrites
decreases. Moreover, under acidic conditions, NO2

− can combine with H+ to form HNO2,
and then self-disproportionation occurs to produce nitrogen dioxide and nitric oxide, thus
decreasing nitrite. [18]. In compliance with the national health standard level for nitrite
(20 mg/kg) in China, the sour bamboo shoots featured in this study are safe for human
consumption [19]. In addition, it was recorded that the maximum level of reducing sugar
content occurring on day 14 was 1.18 ± 0.02 g/L, followed by a gradual reduction in the
reducing sugar content, primarily owing to microbial consumption [6].
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Table 1. Physicochemical properties of sour bamboo shoot liquids during the fermentation process.

1 d 7 d 14 d 21 d 28 d

pH 5.73 ± 0.05 a 5.23 ± 0.14 b 4.92 ± 0.02 c 4.82 ± 0.04 c 4.81 ± 0.01 c
Titratable acidity (g lactic acid/L) 2.50 ± 0.43 e 3.75 ± 0.29 d 5.01 ± 0.29 c 7.5 ± 0.29 b 8.75 ± 0.29 a

Nitrite content (mg/kg) 0.12 ± 0.01 c 0.16 ± 0.01 bc 0.22 ± 0.04 b 0.74 ± 0.08 a 0.19 ± 0.03 bc
Reducing sugar (g glucose/L) 1.05 ± 0.05 b 1.08 ± 0.03 ab 1.18 ± 0.03 a 0.73 ± 0.06 c 0.63 ± 0.03 c

a–e Different lowercase letters in the same row indicate significant differences (p < 0.05).

The evaluation of quality in sour bamboo shoots is greatly influenced by their texture,
particularly regarding their hardness, fracturability, and chewiness [20]. During the first
7 days of fermentation, there was a significant decrease in hardness, fracturability, and
chewiness of fermentation, after which the decline was relatively gradual (Figure 1). A sim-
ilar softening phenomenon also occurred in Sichuan pickles [21] and pickled chayote [22].
An analysis of physiochemical indexes using Pearson’s correlation (Figure S1) revealed
a positive correlation between pH and hardness, fracturability, and chewiness. The pH
level was lowered, resulting in a decrease in the permeability of cell membranes, which
will negatively affect textural characteristics [4]. Additionally, microorganisms involved
in the fermentation process have the ability to generate pectinase and cellulose, both of
which can break down cell walls and destroy the cellular structure, ultimately impacting
the hardness, fracturability, and chewiness of the sample [23].

Figure 1. Texture properties of the sour bamboo shoot during the fermentation process. (A) hard-
ness, (B) fracturability, (C) chewiness. Statistically significant differences are indicated by different
lowercase letters at p < 0.05.

3.2. Volatile Compounds of Sour Bamboo Shoots

During the entire fermentation process of sour bamboo shoots, a total of 43 volatile
compounds were detected (Figure S2), among which there were at most 17 types of al-
cohol volatile compounds, followed by ketones and esters (Figure 2A, and Table S1). In
the fermented liquid of sour bamboo shoots, 1-octen-3-ol, 2,4-ditert-butylphenol, and D-
limonene were the most dominant volatile compounds on the first day of fermentation.
On the 7th day of fermentation, the content of volatile compounds sharply decreased, and
some volatile compounds even disappeared, such as 1-octen-3-ol, linalool, 2-ethylhexanol,
cyclooctanol, etc. As the fermentation time prolongs, the types and content of volatile
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substances gradually increase. On the 28th day of fermentation, 35 volatile compounds
were detected, including 11 alcohols, 3 phenols, 6 ketones, 5 aldehydes, 6 esters, and 4 other
compounds. Among these, 1-octen-3-ol, 2,4-ditert-butylphenol, and dimethylsilanediol
had the highest content.

Figure 2. Relative contents of various volatile compounds (A), heatmap and dendrogram of the
volatile compounds (B), and PCA analysis (C) in sour bamboo shoots during the 28 days of fermen-
tation. Heatmap plots show the relative abundance of volatile compounds in samples (variables
clustered vertically). Color intensity is proportional to volatile compound abundance.

Throughout the process of fermentation, it was observed that three distinct compounds
(1-octen-3-ol, 2,4-di-tert-butylphenol, and D-limonene) and their concentration exhibited
the most prominent factor (Figure 2B). 1-Octen-3-ol (also known as mushroom alcohol) has
a mushroom/earthy aroma [24], 2,4-di-tert-butylphenol has an almond/spicy flavor [25],
and D-limonene is a terpene with a citrus-like flavor [26]. 2,4-di-tert-butylphenol is a
product obtained from Lactococcus sp. with antifungal and antioxidant properties and has
demonstrated its potential as a food additive that can improve food safety and promote
health [27]. There is no clear understanding of the precursor or pathway that leads to this
compound, even though the Lactobacillus gene clusters and enzymes for the shikimate and
mevalonate pathways have been identified [28]. The latest research shows that 2,4-di-tert-
butylphenol is a candidate compound for anti-diabetes-related enzymes [29]. In this study,
2,4-di-tert-butylphenol first decreased and then increased during the fermentation process,
which may be related to the dominance of Lactococcus in the later stage. It is worth noting
that p-cresol is considered a characteristic component in sour bamboo shoots [20], but this
substance was not detected in our study, which may be related to factors such as materials
and fermentation conditions. The content of alcohol volatile compounds was second only
to that of phenols. With the passage of fermentation time, new alcohol volatile compounds
were found, including 1-heptanol, 1-decanol, 1-octanol, and dimethylsilanediol. These
are produced by Strecker degradation of amino acids through the Ehrlich pathway and
by linoleic acid degradation [30]. Ester volatile compounds can exhibit a unique fruit
aroma [31], as their lower threshold has a significant impact on flavor. Esters may be
generated by the esterification reaction between alcohols and organic acids in sour bamboo
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shoots [32]. Due to different metabolic types, there are significant differences in the types
of volatile aroma compounds produced compared with other studies [4]. Ketone volatile
matter has a high threshold value and low content, rendering it minimally impactful to
the flavor of the shoots. Maillard reaction, alcohol oxidation, or other acids may generate
it under the influence of microorganisms [33]. As fermentation progresses, the content
of aldehydes volatile compounds diminishes, with 2,4-dimethyl benzaldehyde exhibiting
the highest content of aldehydes, and with volatile acid compounds present in very low
concentrations. The results of this study are similar to those of Xu et al. in their study of
the fermentation of Jipo bamboo shoots [34].

As shown in Figure 2C, principal component analysis was conducted on the physico-
chemical properties and volatile compounds of sour bamboo shoots. The analysis showed
that PC1 and PC2 accounted for 46.0% and 29.0% of the total variance of the data, with a
cumulative value of 75.0%. The distance between the first day of fermentation and other
fermentation days is relatively far, indicating significant changes in physicochemical prop-
erties and flavor throughout the entire fermentation time. The distance between the 21st
and 28th days of fermentation is close, indicating that their flavors are relatively similar.
The pH value has a significant impact on flavor on the first day of fermentation, with repre-
sentative volatile compounds such as ketones and phenols. The typical volatile compounds
of sour bamboo shoots on the 7th day of fermentation were aldehydes, esters and others,
which were closely related to the content of reducing sugar. The representative volatile
compounds on the 14th day of fermentation were acids and closely related to the total acid
content. On the 21st and 28th days of fermentation, the representative volatile compounds
were alcohols and closely related to nitrite content. Some gram-negative bacteria (such as
Enterobacteria) can convert nitrate into nitrite, and the changes in nitrite may be related to
the changes in bacteria in the fermentation environment [6].

3.3. Odor Activity Value of Sour Bamboo Shoots

When sour bamboo shoots ferment, we found at least thirteen volatile compounds that
we considered to be characteristic volatile compounds, differing from the results obtained
by Chen, et al. [4]. In addition, the volatile compounds of sour bamboo shoots included,
for the first time, 2,4-dimethylbenzaldehyde and 2,4-di-tert-butylphenol (Table 2). These
differences may be caused by factors such as raw material type, raw material growth
environment, and fermentation conditions.

The highest OAV (129.73~668.84) of benzaldehyde, 2,4-dimethyl-, which presents
an almond/spicy flavor, was considered to be the volatile compound that contributes
most to the flavor formation, followed by 2,2,4-trimethyl-1,3-pentanediol diisobutyrate
(59.55~197.30), 3,6-nonadien-1-ol (1.29~80.66) and dibutyl phthalate (32.22~96.32). In
contrast, phenols have the highest content, but their contribution to flavor is limited
because of the high threshold. For example, 2,4-ditert-butylphenol dominates the content,
with a high odor threshold (200 μg/kg) and limited contribution to the flavor. Phenol
volatile substances typically produce unpleasant and irritating odors [25]. The OAV value
of 3,6-nonadien-1-ol, which exhibits a fresh cucumber flavor, is higher on the 7th to 28th
days of fermentation, making a critical contribution to the later flavor of sour bamboo
shoots. Octanal and nonanal typically exhibit a fresh citrus flavor [35], but due to their low
OAV value, they contribute less to the flavor of sour bamboo shoots. Nonanal was also
found to be the main component of the sour bamboo shoot flavor by Guo, et al. [36]. Acetic
acid, 1-heptanol, and 1-Octen-3-ol were characteristic flavor components, but their relative
contents are relatively low, and their contributions to the flavor formation of sour bamboo
shoots are limited. Among these, 1-octene-3-ol can be used as an edible essence, which
has the aroma of mushroom house, lavender, rose or hay, and is consistent with the main
flavor substances reported in other reports [4]. D-limonene and isophorone had high OAV
values on the first day of fermentation, which may have contributed significantly to the
early flavor formation of sour bamboo shoots.
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Table 2. Volatile compounds with OAV >1 in sour bamboo shoots during the 28 days of fermentation.

Compounds Threshold (μg/kg)
OVA

1 d 7 d 14 d 21 d 28 d

1-Heptanol [37] 5.5 0.00 0.00 1.46 0.00 0.00
1-Octen-3-ol [24] 20 5.06 0.00 0.00 0.00 5.88

3,6-Nonadien-1-ol [24] 1.3 1.29 80.66 58.92 53.51 67.30
Silanediol, dimethyl- [24] 21 0.08 0.00 15.12 17.81 20.10

Isophorone [38] 2 35.08 10.53 0.00 0.00 3.91
Octanal [4] 0.7 3.58 7.53 2.23 2.04 3.32
Nonanal [4] 1 9.62 16.30 8.76 19.36 17.26

Benzaldehyde, 2,4-dimethyl- [37] 0.2 129.73 668.84 198.69 346.41 167.06
2,2,4-Trimethyl-1,3-pentanediol

diisobutyrate [39] 0.13 59.55 197.30 131.84 113.28 111.13

Dibutyl phthalate [40] 0.26 59.07 50.91 96.32 52.67 32.22
D-Limonene [41] 10 35.42 1.04 0.24 0.00 0.32

2,4-di-tert-butylphenol [42] 200 11.25 6.77 7.09 8.46 9.70
Acetic acid [37] 5.5 0.00 0.00 5.69 0.00 0.00

3.4. Microbial Composition in Sour Bamboo Shoot

Alpha diversity analysis (coverage rate >99%), including Chao1, ACE, Shannon, and
Simpson indices, can reflect the diversity and richness of microbial communities. On the
first day of fermentation, the richness and diversity of microorganisms were the highest,
which may be due to miscellaneous bacteria accompanying bamboo shoots entering the
fermentation broth. On the other hand, infiltration may cause some nutrients from bamboo
shoots to dissolve into the fermentation broth [43], providing sufficient energy sources for
microbial growth and reproduction, and allowing aerobic microorganisms to proliferate in
large numbers. The nutrient composition and oxygen decrease as the fermentation process
progresses [44], and the growth and reproduction of aerobic microorganisms are inhibited.
The dominant bacteria in the fermented liquid of sour bamboo shoots gradually give way
to lactic acid bacteria, which rapidly reproduce and multiply, resulting in a higher level
of microbial diversity on the 14th day [6]. On the 28th day of fermentation, the richness
of microorganisms increased, similarly to the research results of Li, et al. [7] wherein the
richness of microbial communities sharply increased on the 28th day of fermentation. PCoA
and UPGMA analysis (Figures S3 and S4) found that there were significant differences
in microbial structure in the early stages (1d and 7d) of fermentation, while fluctuations
were relatively small in the later stages. This result may indicate that microbial succession
is intense in the early stage, while dominant bacteria, composed mostly of lactic acid
bacteria, form in the later stage [6]. Lactic acid bacteria not only reduce the pH value of the
fermentation environment, but also produce bacteriocins to further inhibit the growth of
miscellaneous bacteria [45].

3.4.1. The Changes in Microbial Community Structure in Sour Bamboo Shoots
during Fermentation

We employed high-quality sequencing reads to examine the bacterial community’s
structure and dynamic succession at the phylum and genus levels during the fermentation
of sour bamboo shoots. At the phylum level of bacteria, a total of 42 phyla were identified,
and Firmicutes (20.02%), Proteobacteria (35.18%), and Bacteroidota (17.43%) were the
predominant bacteria, accounting for 72.63% of the total bacterial population in the early
stage of fermentation (Figure 3A). Then, Firmicutes (20.02–70.05%) increased significantly
and dominated the subsequent fermentation stage, attaining the highest relative abundance
on day 21 of fermentation. Proteobacteria is also the dominant phyla in the fermentation
process, and its abundance varies from 27.93% to 35.18%. The results obtained are in
concurrence with the research conducted by Chen, et al. [4], which revealed Firmicutes and
Proteobacteria as the predominant phyla. In addition, Firmicutes was also found to be the
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dominant phyla in numerous traditional fermented vegetables, such as Jiangxi yancai [46],
Suancai [47,48], and Kaili red sour soup [49].

Figure 3. Changes of microbial community at the phylum (A) and genus (B) levels in sour bamboo
shoots during the 28 days fermentation.

At the genus level, the top 10 species at abundance levels in all samples were Entero-
coccus, Lactococcus, Enterococcus, Serratia, unclassified Enterobacteriaceae, Acinetobac-
ter, Leuconostoc, Chitinophaga, Massilia, Enterobacter, and unclassified Enterobacterales
(Figure 3B). Miscellaneous bacteria (81.59%) predominated on day 1 and decreased after-
ward. According to the findings of Guan, Huang, Peng, Huang, Liu, Peng, Xie and Xiong [6],
the initial stage of sour bamboo shoot fermentation is characterized by the presence of five
dominant genera, namely Lactococcus, Leuconostoc, Weissella, Enterobacter, and Raoul-
tella. The variation in their abundance may be attributed to the origin of the raw materials
used and could serve as an indicator of microbial diversity within the fermentation process.
The abundance of Enterococcus in the sample increased significantly from an initial relative
abundance of 0.59% to a peak level of 43.62% on day 7. Similarly, Lactococcus also showed
a significant increase from the initial relative abundance of 1.07% to a peak level of 36.94%
on day 21. According to prior investigations, it has been demonstrated that Lactococcus
exhibits a stable function in the process of food fermentation [50,51]. Furthermore, in the
Guangxi sour bamboo shoots, dominant genera were identified as Lactobacillus, Serratia,
Stenotrichomonas, and Lactococcus [52].

3.4.2. Representative Bacteria in Sour Bamboo Shoots

Linear discriminant analysis effect size (LEfSe) is a statistical method utilized for
the identification of biomarkers by analyzing the variations within bacterial communities
and recognizing distinctive features based on their abundances and associated categories.
LEfSe with a threshold LDA score of 4.0 (Figure 4A,B) was set to distinguish and classify
particular microbial taxa present at each stage of the fermentation process [6]. On the first
day of fermentation, there were observable biomarkers from four phyla, seven orders, eight
families, six genera, and four species. The sample from the 28th day of fermentation exhib-
ited the presence of one order biomarker (Bacillales), one family biomarker (Bacillacea),
and one genus biomarker (Bacillus), whereas only one genus of biomarkers (unclassified
Lactococcus) was identified in the 14 day fermentation samples. According to previous
studies, Lactobacillus is the dominant genus in the mid-to-late stages of fermentation [6].
Such differences may be caused by raw materials, production processes, geographical
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distributions, or analysis methods, among other things. Further comparative studies from
different varieties and regions can be conducted in the future.

Figure 4. LEfSe of the microbial community during suansun fermentation at the OTU level. (A) lefse
biomarkers cladogram, (B) lefse biomarkers.

3.5. Correlations between Microbial Compositions and Flavor

During the fermentation process, physicochemical properties and main volatile com-
pounds are closely related to the number and type of microbial communities [16]. Pearson
correlation analysis was used to study the correlation between the physicochemical proper-
ties, characteristic volatile compounds (OAV > 1), and the dominant phyla and genera of
the microbial community of sour bamboo shoots (Figure 5).
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Figure 5. Pearson correlation analysis of the relative abundance of the top ten bacteria phylum
levels (A) and genus levels (B) and variation of volatile compounds (OAV > 1) and physicochemical
properties during sour bamboo shoot fermentation. * indicates significance at p < 0.05; ** indicates
significance at p < 0.01.

At the phylum level, Firmicutes was the overwhelmingly advantaged phylum. Firmi-
cutes showed a significant negative correlation with D-limonene (R = −0.98), isophorone
(R = −0.93), 2,4-di-tert-butylphenol (R = −0.82), and pH (R = −0.86). It was significantly
positively correlated with 3,6-nonylidene-1-ol (R = 0.92), and positively correlated with
2,4-dimethyl benzaldehyde (R = 0.55), silanediol, dimethyl- (R = 0.52), nonanal (R = 0.59),
and 2,2,4-trimethyl-1,3-pentylenediol diisobutyrate (R = 0.75). It has been reported by
Chen, Li, Cheng, Liu, Yi, Chen, Wang and Cao [20] that Firmicutes can show significant
direct correlations with fumaric acid, and geranyl acetone. In addition, a previous study
has shown that the thick cell skin of Firmicutes can produce spores to resist extreme en-
vironments while being inhibited after the removal of D-limonene [53]. Proteobacteria
was significantly positively correlated with 1-Octen-3-ol (R = 0.90), 2,4-di-tert-butylphenol
(R = 0.99), and negatively correlated with three characteristic volatile compounds, namely,
2,4-dimethylbenzaldehyde (R = −0.66), 2,2,4-trimethyl-1,3-pentylenediol diisobutyrate
(R = −0.84), and dibutyl phthalate (R = −0.40), indicating that proteobacteria was not
conducive to the formation of the characteristic flavor of sour bamboo shoots. The majority
of the genera attached to raw materials were Proteobacteria, such as Pseudomonas, Vibrio,
and Acinetobacter. As a result, these were highly correlated with early fermentation. Fer-
mentation conditions such as falling pH and increasing TA restricted most Proteobacteria
genera [22]. Furthermore, it has been observed that Proteobacteria and Cyanobacteria
display a positive correlation with textural attributes such as hardness, chewiness, and
fracturability, suggesting that the bacteria belonging to the aforementioned phyla may have
a crucial role in the alteration of cell wall properties [23].

In general, the genera Enterobacter was considered to be a spoilage bacterium in
fermented vegetables [54], and exhibited strong positive correlations with two characteristic
compounds (3,6-nonylidene-1-ol and 2,2,4-trimethyl-1,3-pentylenediol di-isobutyrate) in
our study, suggesting that they may play a major role in suansun’s volatile flavor production
(Figure 5B). Considering that Enterobacter is a foodborne pathogen, its presence in fermented
bamboo shoots is undesirable. However, the edible safety of the final products of sour
bamboo shoots should not be a concern: sour bamboo shoots are often cooked at a high
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temperature, which effectively reduces microbial contamination risk. It has also been
reported that Enterobacter is responsible for the characteristic flavors found in sauerkraut [6],
cheeses [55], and yucha [56], among other fermented foods. A common characteristic of
lactic acid bacteria is that they produce acids from carbohydrate catabolism [45], while
Lactococcus was significantly correlated with TA (R = 0.92) and pH (R = −0.94) in this study
as well as with seven characteristic flavor substances. Some studies have shown that the
fermented vegetable aroma was also produced by lactic acid bacteria, which are responsible
for the production of esterases, lipases, and alcohol acetyltransferases, all of which enhance
the flavor-forming qualities of fermented vegetables [57]. At the same time, Serratia had
significantly positive correlations with silanediol, dimethyl- (R = 0.92) and TA (R = 0.89),
and significantly negative correlations with hardness (R = −0.91), chewiness (R = −0.93),
and fracturability (R = −0.91). Therefore, Serratia may affect the texture, a conclusion which
is consistent with previously reported results [3].

4. Conclusions

Physicochemical properties, flavor compounds, and microbial composition of sour
bamboo shoots produced in southwest China were correlated during the fermentation
process (28 days). There was a decreasing trend in pH and TA values of fermentation liquid
from sour bamboo shoots, followed by a stabilizing trend. It has been estimated that at least
13 volatile compounds (OAV > 1) are characteristic of sour bamboo shoots. As a result of
HTS, it was found that Enterococcus, Lactococcus, and Serratia were the most dominant genera
in sour bamboo shoots. Moreover, Enterococcus had significantly negative correlations
with D-limonene and 2,4-dimethylbenzaldehyde, and significantly positive correlations
with 3,6-nonylidene-1-ol and 2,2,4-trimethyl-1,3-pentylenediol di-isobutyrate. There were
significant positive correlations between Lactococcus and silanediol, dimethyl- and TA,
and significant negative correlations between Lactococcus and isophorone. Serratia had
significantly positive correlation with silanediol, dimethyl- and TA, significantly negative
correlation with texture properties (hardness, chewiness, and fracturability). A significant
correlation was found between 3,6-nonylidene-1-ol and Firmicutes at the phylum level.
The findings of this study can be valuable in enhancing the production of starters, which in
turn can promote the industrial production of high-quality and safe sour bamboo shoots.
However, there is still a lack of key flavor information and fermentation time, and further
research is needed to obtain more comprehensive information to comprehensively evaluate
the fermentation of sour bamboo shoots.
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Abstract: This study aimed to determine the effects of fat type (sheep tail fat (STF) and beef fat
(BF)), fat levels (10, 20, or 30%), and cooking time (0, 2, 4, and 6 min, dry heat cooking at 180 ◦C) on
the carboxymethyl lysine (CML) content in meatballs. pH, thiobarbituric acid reactive substance
(TBARS), and volatile compound analyses were also performed on the samples. The use of STF
and the fat level had no significant effect on the pH value. The highest TBARS value was observed
with the combination of a 30% fat level and STF. CML was not affected by the fat level. The highest
CML content was determined in meatballs with STF at a cooking time of 6 min. In the samples
cooked for 2 min, no significant difference was observed between STF and BF in terms of the CML
content. STF generally increased the abundance of aldehydes. Aldehydes were also affected by the
fat level and cooking time. A PCA provided a good distinction between groups containing STF and
BF regardless of the fat level or cooking time. Pentanal, octanal, 2,4-decadienal, hexanal, and heptanal
were positively correlated with CML.

Keywords: meatball; CML; AGE; sheep tail fat; beef fat; volatile compounds

1. Introduction

The Maillard reaction (MR) is initiated by the condensation of amino groups on
proteins, peptides, and amino acids with carbonyl groups on reducing sugars. The main
pathways of the MR involve three steps: initial, intermediate or advanced, and final
stages [1]. The initial stage of MR consists of a condensation of the reducing saccharide
with the amino compound, resulting in the formation of an Amadori product and a Heyns
product. In the intermediate/advanced stage of the MR, Amadori and Heyns products can
undergo degradation reactions, and several α-dicarbonyl compounds are formed. These
compounds are also involved in further reactions with side chains of peptides or proteins,
leading to the formation of advanced glycation end products (AGEs). In the final stage
of the MR, nitrogen-containing brown polymers or copolymers called melanoidins are
formed by the condensation and polymerization reactions of previously formed reactive
intermediates [1–3]. The MR is influenced by many factors such as the physical state of the
matrix, pH, the type and concentration of reactants, process conditions, the temperature,
duration of storage, and water activity [1,4].

The MR contributes significantly to quality characteristics of food products, including
flavor, aroma, and color. In addition, mutagenic and toxigenic compounds can also be
formed as a result of this reaction. Furthermore, the MR can lead to the loss of the nutri-
tional value of proteins [2]. AGEs formed during the Maillard reaction are heterogeneous
compounds, and these compounds have adverse effects on human health and are known
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to be closely related to many chronic diseases [5–8]. For example, it has been reported that
an AGE-rich diet can lead to increased oxidative stress and inflammation linked with type
2 diabetes [9].

AGEs are compounds that occur naturally in foods of animal origin. The AGE level
can vary depending on many factors such as the source and composition of meat, the heat
treatment process and duration, and the protein and fat contents [5,10–12]. Although AGEs
such as N-ε-carboxymethyl-lysine (CML), methyl glyoxal lysine dimer, N-ε-carboxyethyl-
lysine (CEL), and pentosidine are commonly found in foods and particularly in processed
meat products, CML is established as an indicator of AGEs due to its resistance to acidic
food environments [7,11]. The cooking technique applied to meat and meat products, the
cooking degree, and the fat content play an important role in CML formation [7].

Minced meat products, such as meatballs, burgers, and meat patties, are widely
consumed around the world. They are produced using different methods depending on the
type of meat, cost considerations, the shape, the nutritional value, and religious reasons [13].
In these products, fat is a major ingredient in terms of taste, texture, and flavor. In addition
to beef fat, sheep tail fat is also used in meatball production. Sheep tail fat contains more
unsaturated fatty acids than beef fat (intermuscular fat) [14–16]. Sheep tail fat also contains
relatively higher levels of polyunsaturated fatty acids (PUFA) [17–19] and nutraceutical
fatty acids (n-3 polyunsaturated fatty acids), which have health-promoting benefits [20],
than beef fat. It was reported that the contents of oleic acid (C18:1) and linoleic acid (C18:2)
in sheep tail fat varied between 41.51 and 49.7 and between 2.62 and 5.7%, respectively.
However, it was stated that the fatty acid composition is affected by breed, age, sex, and
nutritional conditions [21]. On the other hand, the fact that sheep tail fat is more susceptible
to oxidation is of great importance in determining the effect of this fat on CML formation.
In addition, it is important to determine the effect of sheep tail fat on the volatile profile
and also to reveal the relationship between volatile compounds and CML in meatballs.

There are limited studies on CML formation in meatballs. In these studies, the effects
of adding different amounts of salt to beef patties [22], the storage time of frozen pork
patties [23], adding various proportions of wheat, rye, and triticale bran to beef patties [5],
and the use of Kaempferia galanga L. and kaempferol extracts [24] on CML formation were
investigated. However, there is no information on the effects of sheep tail fat and fat levels
on CML formation in beef meatballs. The aim of this study is to determine the influences
of fat type (beef fat and sheep tail fat), fat level (10, 20, and 30%), and cooking time (0, 2,
4, and 6 min at 180 ◦C) on CML formation in meatballs. In addition, the effects of these
factors on pH, lipid oxidation, and volatile compounds were also investigated.

2. Materials and Methods

2.1. Chemicals, Reagents and Standards

Trichloroacetic acid (TCA), ethylenediaminetetraacetic acid (EDTA), propyl gallate,
and sodium borate were purchased from Sigma Aldrich (Steinheim, Germany), and thio-
barbituric acid (TBA) and sodium borohydride were purchased from Merck (Darmstadt,
Germany). Chromatography-HPLC grade solvents, including chloroform, methanol, and
acetonitrile, were purchased from Fisher Scientific (Schwerte, Germany), J.T. Baker (Gliwice,
Poland), and Sigma Aldrich (Steinheim, Germany), respectively. The carboxymethyl-lysine
standard was obtained from Cayman Chemical (Ann Arbor, MI, USA). The standard sub-
stances for volatile compound analysis, ethyl acetate, pentanal, hexanal, heptanal, octanal,
nonanal, 2,4-decadienal, 2-heptanone, 1-pentanol, 1-hexanol, and 1-heptanol were pur-
chased from Merck (Hohenbrunn, Germany), and the standard mix was purchased from
Supelco (parrafine mix, 44585-U, Bellefonte, PA, USA).

2.2. Material

In the study, lean beef, beef fat (intermuscular fat), and sheep tail fat were used as raw
materials. The meat was obtained from the round part of the cattle carcasses by a local
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butcher. Beef fat and sheep tail fat also came from the same butcher. Since the research was
conducted in three replications, meat and fat were procured at three different times.

2.3. Meatball Production and Cooking

Lean beef, beef fat, and sheep tail fat were minced separately through a 3 mm plate
using a meat mincer (MADO Typ MEW 717, Dornhan, Germany). The experiment was
carried out according to a 2 × 3 × 4 factorial design with two types of fat (beef fat and
sheep tail fat), three levels of fat (10%, 20%, and 30%), and four levels of cooking time
(0, 2, 4, and 6 min at 180 ◦C on a hot plate). Six meatball patties were prepared based on
fat type and fat level and mixed by hand and processed into meatballs (1.5 cm thick and
7.5 cm diameter) using a metal shaper. The weight of the meatballs was 50 g. Salt was
added to the mix at a rate of 1.5%. Three independent experiments were carried out, and
thus a total of 18 meatball mixes were prepared.

Each group was divided into four subgroups. The first group of meatballs were
evaluated as the control group (raw–uncooked). The second, third, and fourth group of
meatballs were cooked for 2 min (1 min per side), 4 min (2 min per side), and 6 min (3 min
per side), respectively. The cooking process was carried out on a hot plate preheated at
180 ◦C and the temperature was controlled using a thermocouple.

2.4. Pysicochemical Analysis

After the cooking process, the samples were cooled down to room temperature and
then homogenized with a blender to obtain a uniform sample for the analyses. The
homogenized samples were stored at −18 ◦C until analysis.

2.4.1. pH and TBARSs

For pH measurements, 10 g of homogenized sample was weighed and 100 mL of
distilled water was added to it. After homogenizing with an ultra-turrax (IKA Werk T 25,
Staufen, Germany) for 1 min, the pH value was determined by a pH meter (Mettler Toledo,
Greifensee, Switzerland). The pH meter was calibrated with buffer solutions (pH 4.0 and
pH 7.0) before use, and thermal compensation was carried out automatically [25].

In TBARS analyses, 2 g of homogenized sample was mixed with a 12 mL TCA solution
(7.5% TCA, 0.1% EDTA, and 0.1% propyl gallate). After homogenization, it was filtered
through a Whatman 1 filter paper and 3 mL of filtrate was added to a 0.02 M TBA solution
(0.02 M). Afterwards, samples were kept in boiling water bath for 40 min, then centrifu-
gation (Beckman Coulter, Allegra X-30R, Indianapolis, IN, USA) was applied for 5 min at
2000 G. The absorbance of the samples was determined at 530 nm, and the results were
expressed as μmol MDA/kg [26].

2.4.2. Nε-(carboxymethyl)lysine (CML)

CML analysis was performed according to the method given by Chen and Smith [11].
After a 0.2 g sample was added to 20 mL of chloroform/methanol (2:1, v/v), it was
centrifuged (10,000× g at 4 ◦C) (Beckman Coulter, Brea, CA, USA) to remove the fat.
After incubation for 4 h with 4 mL sodium borohydride (1 M in 0.1 N NaOH) and 8 mL
sodium borate buffer (0.2 M, pH 9.4), samples were hydrolyzed with 6 mL 12 M HCl at
110 ◦C for 20 h. Then, samples were dried using rotary evaporation and were added to
10 mL of water and dissolved in 10 mL of sodium borate buffer, followed by a final filtration.
Prior to HPLC analysis, a 50 μL extract was mixed with 200 μL of ortho-phtalaldehyde
derivatization reagent for 5 min. The CML amount was determined using HPLC (Agilent
1100, Santa Clara, CA, USA) with a fluorescence detector (Agilent, Santa Clara, CA, USA).
The determination was performed with a reverse phase TSK gel ODS-80 TM column
(25 cm × 4.6 mm, 5 μm, Tosohass, Montgomeryville, PA, USA) and with the fluorescence
settings of 340 nm (excitation) and 455 nm (emission). The flow rate was 1.0 mL/min and
the injection volume was 20 μL. Acetate buffer/acetonitrile (90:10, v/v) and acetonitrile
were used as mobile phases, and the flow of the mobile phase was gradually changed. The
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recovery rates were determined by spiking cooked meat with N-ε-(carboxymethyl)-lysine
standard at six different levels (1–30 μg/mL). Each treatment was replicated five times.
The mean recoveries ranged from 102.20% to 104.46%, with relative standard deviations
between 1.10% and 2.18%. The regression line coefficient (R2) for CML was 0.999. The limit
of detection (LOD) and the limit of quantification (LOQ) were calculated using dilutions
of the standard solution according to the following formulas: LOD = 3.3 × Sy/s and
LOQ = 10 × Sy/s. The LOD and LOQ for CML were 0.64 and 1.95 μg/mL, respectively.

2.4.3. Volatile Compounds

An amount of 5 g of homogenized sample was placed into a 40 mL vial (Supelco,
Bellefonte, PA, USA). The extraction of volatile compounds was performed using solid
phase microextraction (SPME) with carboxen/polydimethylsiloxane fiber (CAR/PDMS,
75 μm, Supelco, Bellefonte, PA, USA). The sample was kept at 30 ◦C for 1 h in a thermal
block (Supelco, Bellefonte, PA, USA) to collect the volatile compounds. After equilibration,
the SPME fiber was exposed to the sample headspace at 30 ◦C for 2 h. Gas chromatog-
raphy/mass spectrometry (Agilent, Santa Clara, CA, USA) was used to identify volatile
compounds. A DB-624 (J&W Scientific, 30 m × 0.25 mm × 1.4 μm film) was used as the
column and the carrier gas was helium. The oven temperature was first set to 40 ◦C for
6 min, then gradually increased to 210 ◦C and then held at 210 ◦C for 12 min. The injector
port was in splitless mode. The GC/MS interface was maintained at 280 ◦C. Mass spectra
were obtained by electron impact at 70 eV, and the quadrupole mass spectrometer scan
range was 40–400 atomic mass units.

Mass spectrometry libraries (NIST, FLAVOR, and WILEY) and standard substances
were used for the identification of compounds, and the Kovats index was determined using
the standard mix (Supelco 44585-U). The results are given as AU × 106 [27].

2.5. Statistical Analysis

Data were analyzed by an analysis of variance (ANOVA) using a general linear
model considering the fat type (beef fat and sheep tail fat), fat level (10, 20, and 30%),
and cooking time (0, 2, 4, and 6 min) as the main effects, and the replicates as a random
effect for a randomized complete block design. The experiment was repeated 3 times
and each experiment was carried out at different times using different raw materials. The
differences between the means were determined using Duncan’s multiple range tests at
the p < 0.05 level. All statistical analyses were performed using SPSS version 20 statistical
program (SPSS Inc., Chicago, IL, USA). In addition, principal component analysis (PCA)
was performed to determine the relationship between fat type, fat level, and cooking
time for volatile compounds as well as CML content using Unscrambler software (CAMO
version 10.1, Oslo, Norway). The differential profile (cluster heat map) between the factors,
volatile compound groups, and CML was also analyzed using heat mapper (http://www.
heatmapper.ca, accessed on 1 June 2023).

3. Results and Discussion

3.1. pH and TBARSs

The effects of fat type, fat level, and cooking time on pH, TBARS value, and the CML
content of meatballs are given in Table 1. The fat type and fat level had no significant
effect on the pH value of samples (p > 0.05) (Table 1). In contrast, the cooking time
had a very significant impact (p < 0.01) on the pH, and the mean pH value increased
with increasing cooking times. However, no significant differences in pH value were
observed between 4 and 6 min of cooking. Furthermore, the interactions of all factors were
insignificant (p > 0.05) (Table 1). The increase in pH value with cooking can be explained
by the reduction of carboxylic groups on proteins and also by the release of calcium and
magnesium ions from proteins [28].
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Table 1. The effects of fat type, fat level, and cooking time on pH, TBARSs, and CML of meatballs
(mean ± SD).

Factors N pH
TBARS

(μmol MDA/kg)
CML (μg/g)

Fat type (FT)

Beef fat 36 5.97 ± 0.12 a 10.36 ± 2.57 b 8.98 ± 2.71 b
Sheep tail fat 36 5.95 ± 0.15 a 12.02 ± 2.07 a 12.31 ± 5.44 a
Significance ns ** **

Fat level (FL)

%10 24 5.94 ± 0.14 a 10.91 ± 1.98 b 10.16 ± 2.94 a
%20 24 5.95 ± 0.15 a 10.68 ± 2.61 b 11.42 ± 4.78 a
%30 24 5.98 ± 0.13 a 11.98 ± 2.64 a 10.36 ± 5.69 a
Significance ns * ns

Cooking time (min)(CT)

0 (Raw) 18 5.80 ± 0.10 c 9.88 ± 2.20 b 7.27 ± 1.81 c
2 (Rare) 18 5.93 ± 0.09 b 10.55 ± 2.17 b 9.87 ± 2.18 b
4 (Medium) 18 6.03 ± 0.09 a 11.69 ± 2.24 a 11.01 ± 3.54 b
6 (Medium–well) 18 6.06 ± 0.09 a 12.64 ± 2.46 a 14.44 ± 6.26 a
Significance ** ** **

Interaction

FT × FL ns ** ns
FT × CT ns ns *
FL × CT ns ns ns
FT × FL × CT ns ns ns

a–c: Means marked with different letters in the same column are statistically different (p < 0.05), * p < 0.05;
** p < 0.01. ns: not significant.

Processed meat products are more sensitive to lipid oxidation than fresh meat due
to mincing and heat treatment. Malondialdehyde is evaluated to be the most significant
degradation product, arising from lipid oxidation, and a TBARS analysis is widely used in
its determination [29]. The TBARS value was affected by the fat type (p < 0.01), and the
highest mean TBARS value was observed in the group with sheep tail fat (Table 1). It is
thought that this result is due to the fact that sheep tail fat contains more unsaturated fatty
acids than beef fat and therefore is more sensitive to oxidation [14]. In addition, the fat
level (p < 0.05) and cooking time (p < 0.01) had an effect on TBARSs. The highest TBARS
value was found for the groups containing 30% fat. In addition, the mean TBARS value
increased with increasing cooking time (Table 1). There is no legal limit for the MDA level
determined in the TBARS analysis applied to determine the degree of lipid oxidation in
meat products [30]. However, it is suggested that when the TBARS value reaches 1 mg
MDA/kg, it can create malodor and it can be detected [31]. In this study, in all groups
except for 6 min of cooking time, the TBARS value was below 1 mg MDA/kg.

As shown in Figure 1, the fat type × fat level interaction was determined. The TBARS
value for beef fat was similar at all fat levels. On the other hand, meatballs prepared with
sheep tail fat had the highest TBARS value at 30% fat level, and the lowest TBARS value
at 10% fat level. Furthermore, differences between fat types were not significant at 10%
and 20% fat levels, and at the 30% fat level, sheep tail fat had a higher mean TBARS value
than beef fat. According to these results, 30% sheep tail fat significantly increased lipid
oxidation (Figure 1). This result is likely due to the fact that sheep tail fat contains more
unsaturated fatty acids than beef fat [14].
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Figure 1. Effect of fat type × fat level interactions on TBARS values of meatballs. a, b: different small
letters indicate significant differences between fat types for fat levels. A, B: different capital letters
indicate significant differences between fat levels for fat types.

3.2. Nε-(carboxymethyl)lysine (CML)

Fat type had a very significant (p < 0.01) effect on CML content. Cooking time also
showed an effect at the p < 0.01 level on CML content (Table 1). Sheep tail fat has a higher
CML content than beef fat. At the same time, sheep tail fat showed a higher TBARS
value, an indicator of lipid oxidation, than beef fat (Table 1). These results show a positive
relationship between CML formation and lipid oxidation. It has also been determined
in some other studies conducted on meat products that lipid oxidation increases CML
formation [7,32]. In addition, in a study performed on fresh cooked meats, it was reported
that irradiation accelerated lipid oxidation and thus enhanced CML formation [33]. Yu
et al. [34], in their study on raw and heat-treated meats, reported that there was a positive
correlation between the TBARS value and CML and that high temperatures promoted AGE
formation. In the present study, sheep tail fat, which is more susceptible to autoxidation
than beef fat, caused a significant increase in the TBARS value and therefore accelerated
the formation of CML.

In the present study, the CML content increased with the duration of cooking time.
However, no statistically significant difference was found between the samples cooked for
2 min and 4 min. The highest mean CML content was observed after 6 min (Table 1). The
cooking method, temperature, and time are important factors in the formation of CML in
meat products. In addition, in a study conducted on ground beef, it was revealed that the
CML content increased with the heat treatment time and temperature (65–100 ◦C and 0 to
60 min) [35]. Additionally, it was stated that in cooked meat products, factors such as the
source and composition of the meat, protein, and fat content are effective in the formation
of AGEs [10–12]. In the present study, the CML content of the meatballs had no effect
depending on the fat level. However, Bayrak Kul et al. [36] reported that the fat level is an
important factor in the formation of CML, and the lowest CML content was found when
using 10% fat. It is believed that this difference is probably due to the product type and
cooking conditions.

The CML content of meatballs was significantly (p < 0.05) affected by the interaction of
fat type and cooking time (Figure 2). The CML level increased in meatballs prepared using
beef fat after 2 min of cooking, and a prolonged cooking time did not affect the CML levels
(Figure 2). On the other hand, the CML content increased with increasing cooking time in
meatballs with sheep tail fat. However, there was no statistical difference in CML contents
between 2 and 4 min of cooking time. In addition, it was observed that the fat type was not
important in the raw and cooked samples after 2 min. In the case of prolonged cooking
times, the groups containing sheep tail fat had a higher CML content (Figure 2). This result
shows that sheep tail fat is more effective in CML formation when the heat treatment time
is increased.
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Figure 2. Effect of interaction of fat type and cooking time on the CML value of meatballs.
a, b: different small letters indicate significant differences between fat type for cooking time.
A–C: different capital letters indicate significant differences between cooking time for fat type.

Although the mechanism of the Maillard reaction has not yet been fully explained [37,38],
it is known that the reaction rate may vary depending on the amount of reducing sugar and
free amino groups in the environment and the temperature [37]. In our study, it was also
revealed that the CML level increased as the time increased in dry heat cooking at 180 ◦C.

3.3. Volatile Compounds

A total of 25 compounds including aliphatic hydrocarbons, esters, aldehydes, ketones,
alcohols, and furans were identified (Table 2). The fat type was found to have a signifi-
cant impact on ethyl acetate, heptanal, 2-nonenal, 2,4-decadienal, 2-butanone, 2-octanone,
2-nonanone, 1-pentanol, 1-hexanol, 1-octene-3-ol, and furan. In addition, butyl propionate,
pentanal, hexanal, and 4-decenal were affected by the fat type at a level of p < 0.05. The
fat level caused a statistical difference at the p < 0.05 or p < 0.01 levels for five compounds
(pentanal, hexanal, heptanal, octanal, and 2-butanone). The cooking time, another factor,
had a very significant or significant effects on ethyl acetate, pentanal, hexanal, heptanal,
octanal, 2,4-decadienal, and 2-octanone (p < 0.05 or p < 0.01) (Table 2).

Ethyl acetate, butyl propionate, 2-butanone, 1-octen-3-ol, 1-hexanol, and 1-pentanol
gave higher mean values in the groups containing beef fat compared to the groups contain-
ing sheep tail fat. On the other hand, the highest abundances were observed in meatballs
with sheep tail fat for pentanal, hexanal, heptanal, 2-nonenal, 4-decenal, 2,4-decadienal,
2-octanone, 2-nonanone, and furan (Table 2). As can be seen from Table 2, aldehydes were
higher in the group containing sheep tail fat than the group with beef fat. This result is
due to the high content of polyunsaturated fatty acids in sheep tail fat [14] and thus to
faster lipid oxidation. In fact, compounds such as pentanal, hexanal, heptanal, octanal, and
nononal result from lipid oxidation. At the same time, most of the volatile compounds
in cooked meat are formed by lipid reactions [39]. Pentanal, hexanal, heptanal, octanal,
and 2-butanone compounds, which were found to be statistically significant, gave the
highest average values in the groups containing 30% fat. However, pentanal, heptanal,
and octanal compounds did not differ statistically between the groups containing 20%
fat and the groups containing 30% fat. There was no statistical difference between the
groups containing 10% and 20% fat in terms of hexanal, heptanal, octanal, and 2-butanone
compounds (p > 0.05) (Table 2).
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Ethyl acetate increased with the cooking time of 2 min, but increases in the cooking
times to 4 and 6 min did not cause a statistical difference. Pentanal, hexanal, octanal,
and 2,4-decadienal generally increased with the prolongation of the cooking time, but no
statistical difference was found between the 4 and 6 min durations of the other compounds
except for hexanal (p > 0.05). On the other hand, the level of 2-octanone, which is statistically
significant among the defined ketone compounds, decreased with cooking (Table 2).

A principal component analysis (PCA) was applied to evaluate the relationships
between factors (fat type, fat level, and cooking time) and volatile compounds (Figure 3).
The PCA provided a good distinction between groups containing sheep tail fat (STF) and
beef fat (BF) regardless of the fat content and cooking time. The groups with STF, which
have different fat levels and cooking times, were on the positive side of PC1, while all BF
groups were on the negative side of PC1. This result indicated that the fat type is very
important for the volatile component profile of meatballs. Lipids play an important role
in the development of odor and flavor of foods due to them being precursors of odor and
flavor compounds or modifying the odor and flavor of other components [40].

Figure 3. The biplot result of a principal component analysis of the relationships between factors and
volatile compounds (the first number indicates the % fat level, BF: beef fat, SFT: sheep tail fat, and the
last number indicates the cooking time (min)).

Among the volatile compounds, aldehydes showed a higher positive correlation
with groups containing STF. Furthermore, meatballs with 20% and 30% BF cooked for
4 and 6 min, and meatballs containing 10, 20, and 30% STF cooked for 6 min were placed
on the negative side of PC2 and showed a positive correlation with each other (Figure 3).

3.4. Evaluation of the Relationship between Fat Type, Fat Level, Cooking Time, CML, and
Volatile Compounds

A PCA was applied to determine the relationships between fat type, fat level, cooking
time, volatile compounds, and CML (Figure 4). The first PC explained 54% of the variation.
PC2 accounted for 26% of the total variance. The first two principal components explained
80% of the total variance. CML showed a positive correlation with sheep tail fat, 20 and
30% fat levels, and a cooking time of 6 min. These factors were on the positive side of
PC1. In contrast, beef fat, a 10% fat level, and 0 (raw) and 2 min cooking times were on the
negative side of PC1, showing a negative correlation with CML. Although CML was more
affected by cooking time, it was determined that fat level and fat type also had an effect on
CML formation.

In this study, the correlation between factors, volatiles, and CML was also evaluated
using a heat map (Figure 5). Average linkage was used as the clustering method and
Pearson correlation was used as the distance measure to illustrate the heat map. The X and
Y axes represent the factors (fat type, fat level, and cooking time), and volatile compounds
groups and CML, respectively. Yellow and blue were used for higher and lower correlation
coefficients, respectively.
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Figure 4. The biplot result of a principal component analysis of the relationships between factors,
volatile compounds, and CML.

Figure 5. Cluster analysis of a heat map showing the relationship between factors, volatile compound
groups, and CML (B: beef fat; S: sheep tail fat; 10, 20, and 30: fat level %; 0, 2, 4, and 6: cooking
time (min)).

Figure 5 shows the two main clusters, and the first cluster includes ketones, furans,
aldehydes, and CML, while the second cluster includes aliphatic hydrocarbons, esters,
and alcohols. The first cluster was separated two subclusters. CML was generally more
correlated with STF than BF. In addition, groups containing 10, 20, and 30% STF and cooked
for 6 min were more correlated with CML. CML had a more positive correlation with
aldehydes (Figure 5). Among the aldehydes, pentanal, octanal, 2,4 decadienal, hexanal, and
heptanal were positively correlated with CML. In terms of volatile compounds, all groups
containing beef fat and sheep tail fat were divided into two different clusters, regardless of
the fat level and cooking time (Figure 6).
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Figure 6. Heat map correlation matrix of CML and aldehyde compounds.

4. Conclusions

The use of STF at the level of 30% in meatball production significantly increased lipid
oxidation. On the other hand, the BF level did not affect lipid oxidation. In contrast, the
cooking time had an effect on TBARSs. Likewise, the CML content increased with increasing
cooking times. However, in meatballs prepared with BF, no significant differences in the
CML content were observed between cooked samples. In the presence of STF, the highest
CML value was determined at the 30% fat level. In addition, fat type did not have a
significant effect on CML in both raw samples and samples cooked for 2 min. When the
cooking time was increased to 4 or 6 min, STF gave a higher CML content than BF. Among
the volatile compounds, aldehydes were more affected by the factors examined, and these
compounds exhibited a close relationship with CML. The use of sheep tail fat in meatball
production, especially at the 30% level, significantly increased both CML formation and
lipid oxidation.

The results showed that cooking time and the type of fat used in production are
important factors for the formation of CML in meatballs. An increase in the fat level in
meatballs had a positive effect on the formation of CML if the fat contained a high amount
of unsaturated fatty acids (especially PUFA). These findings suggest that lipid oxidation
plays an important role in the formation of CML during the cooking of beef meatballs. On
the other hand, the results of this study provide new ideas for future studies on reducing
CML in cooked meat products.
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Abstract: The effect of heat processing on the flavor characteristics of highland barley flour (HBF) in
storage was revealed by analyzing differences in volatile compounds associated with flavor deterio-
ration in HBF using GC-MS identification and relative odor activity values (ROAVs). Hydrocarbons
were the most abundant in untreated and extrusion puffed HBFs, while heterocycles were found
to be the most abundant in explosion puffed, baked, and fried HBFs. The major contributors to the
deterioration of flavor in different HBFs were hexanal, hexanoic acid, 2-pentylfuran, 1-pentanol,
pentanal, 1-octen-3-ol, octanal, 2-butyl-2-octanal, and (E,E)-2,4-decadienal. Amino acid and fatty acid
metabolism was ascribed to the main formation pathways of these compounds. Baking slowed down
the flavor deterioration in HBF, while extrusion puffing accelerated the flavor deterioration in HBF.
The screened key compounds could predict the quality of HBF. This study provides a theoretical
basis for the regulation of the flavor quality of barley and its products.

Keywords: highland barley; heat processing; volatile compounds; flavor deterioration; gas
chromatography-mass spectrometry (GC-MS)

1. Introduction

Highland barley (Hordeum vulgare L. var. nudum Hook. f.) is a gramineous barley
crop of the genus barley. It is also known as highland barley due to the separation of its
lemma from its caryopsis. Highland barley is rich in starch, protein, dietary fiber, β-glucan,
vitamins, minerals, and other nutrients, and it exhibits nutritional qualities of “three highs
and two lows” [1,2]. In recent years, there has been increasing interest in the health benefits
of highland barley, and its use in the food industry is growing [3]. Long-term intake of
highland barley has been shown to positively affect the prevention and alleviation of certain
diseases, such as obesity, type II diabetes, hypertension, atherosclerosis, cardiovascular
disease, and colon cancer [4,5]. In the food production industry, highland barley is mainly
added to various food products in the form of barley flour, and the amount can reach 30%
to 60% [5]. However, poor storage stability, a short storage life, and a tendency towards
rancidity have limited the development of the highland barley industry. Thus, approaches
to extend the shelf life of highland barley through processing are key issues that need to
be addressed.

Different heat processing treatments can effectively improve the texture, aroma, and
storage stability of grain flours [6]. Changes in freshness during the storage of highland
barley flour are most evident as changes in flavor, which often determine the overall sensory
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characteristics of the analyzed product [7]. The volatile compounds in fresh highland
barley flour, mainly from lipid oxidation and the degradation of proteins, carbohydrates,
and amino acids, include alcohols, esters, aldehydes, ketones, and alkanes [8]. These
compounds vary in aroma type and activity and synergistically constitute the unique flavor
of highland barley flour [9]. During heat processing, highland barley is further subjected
to various reactions such as lipid oxidation, Maillard, and caramelization, which usually
results in a greater abundance of heterocycles and aldehydes and a significant reduction in
acids, alcohols, and ketones [10]. Concurrently, heat processing also partially passivates
antinutritional factors and lipases, reduces the formation of undesirable flavor compounds
due to the oxidation of unsaturated fatty acids, improves pregelatinization, and gives the
flour a pleasant roasted aroma, which are important for improving the processing quality
and extending the shelf life of highland barley flour [11,12]. Wang et al. found that hot
steam treatment could inactivate lipase, lipoxygenase, and peroxidase in buckwheat, thus
reducing the production of lipid oxidation markers such as 3-methylbutane and hexanal
and thereby delaying the flavor deterioration of stored buckwheat noodles [13]. Extrusion
puffing treatment was found to slow down oxidative flavor production during the storage
of millet compared to cooking [14]. Jiao et al. showed that roasting treatments based on
hot air-assisted RF heating technology could improve the quality and extend the shelf life
of nut products such as peanuts [15]. These studies provide new ideas for improving the
flavor quality and shelf life of highland barley flour.

At present, the identification of volatile flavor compounds in highland barley and
their changes during processing have not been studied much. Tatsu et al. identified
22 and 23 odor-active compounds in highland barley and hulled barley tea, respectively,
which mainly included 2-methoxyphenol, trans-isobutanol, 2-acetyl pyrazine, 2-acetyl-1-
pyrroline, and 3-methylbutyraldehyde [10]. The main undesirable flavor compounds in
cooking barley were reported to be hexanal, (E)-nonenal, (E,E)-2,4-nonadienal, and (E,E)-
2,4-decadienal [16]. The sensory quality of barley could be improved by using hot steam
treatment to reduce aldehydes (hexanal and (E,E)-2,4-dodecenal) and acids (acetic and
hexanoic acids) [9]. However, there is still uncertainty regarding the effects of different heat
processing methods on the characteristic flavor and the mechanisms of flavor deterioration
in highland barley flour during storage. This study used GC-MS detection and relative
odor activity values (ROAVs) to investigate the effects of different processing methods
(extrusion puffing, explosion puffing, baking, and frying) on the volatile flavor compounds
in highland barley flour. By identifying the key volatile compounds involved in flavor
deterioration and the processing methods that can help extend the shelf life of highland
barley flour, the study provides a theoretical basis for regulating the flavor quality of
highland barley products.

2. Materials and Methods

2.1. Chemicals and Materials

Kunlun 15 white highland barley was provided by the Qinghai Academy of Agri-
culture and Forestry Sciences. The test material was planted in 2021 in the experimental
field of Qinghai Academy of Agriculture and Forestry Sciences (Xining, Qinghai) (36◦67′ N
101◦77′ E, 2300 m above sea level). 2-octanol (≥99.5% purity) was purchased from TCI. The
test water was deionized.

2.2. Preparation of Highland Barley Flour by Different Processing Methods

Highland barley seeds were cleaned, de-mixed, and then processed in different ways.
The processing parameters for different treatments in this study were determined through
pre-experimental optimization of the preparation conditions for mature highland barley
flour. A sample of untreated highland barley flour (Y) was obtained by crushing highland
barley seeds using a XL-10B buckling and swinging small crusher (Tianjin Xinhua Instru-
ment Factory, Tianjin, China) and passing them through a 60-mesh sieve. The highland
barley flour was extruded using a DZ65-II twin-screw extrusion puffing machine (Jinan
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Saixin Machinery Co., Ltd., Jinan, China) at a moisture content of 34%, a feed frequency of
22 Hz, a screw speed of 800 r/min, a zone I temperature of 55 ◦C, a zone II temperature of
180 ◦C, and a zone III temperature of 160 ◦C. The extruded material was cooled to room
temperature and further powdered through a 60-mesh sieve to obtain the extrusion puffed
sample (J). To obtain explosion puffed highland barley flour (Q), 1000 g of highland barley
seeds with a moisture content of 10% was added to a XSS-QPD explosion puffing machine
(Wuhan Xinshishang Food Machinery Co., Ltd., Wuhan, China) with rotary heating to a
pressure of 1.25 MPa after about 7 min, and the valve was opened thereafter. The puffed
material was collected and powdered through a 60-mesh sieve to obtain the sample. To
obtain baking barley flour (H), highland barley seeds were first soaked for 6 h in water to
reach a moisture content of 40%, then evenly spread on a baking tray with a thickness of
0.5 cm and baked in a CK-2 far-infrared food baking oven (Guangzhou Maisheng Baking
Equipment Co., Ltd., Guangzhou, China) for 20 min at 150 ± 5 ◦C for the primer and
170 ± 5 ◦C for the surface. Finally, the baked highland barley was powdered through a
60-mesh sieve to obtain the sample. For fried barley flour (C), highland barley seeds were
first soaked for 6 h in water to reach a moisture content of 40%, then added to a CH50
constant temperature automatic stir fryer (Henan Hui’an Machinery Equipment Co., Ltd.,
Zhengzhou, China) and fried at 105 ± 5 ◦C for 10 min. After cooling to room temperature,
the fried highland barley was powdered through a 60-mesh sieve to obtain the sample.

2.3. Accelerated Storage Tests

Lipid oxidation is an important cause of flavor deterioration in whole grain flour.
Thus, we chose accelerated storage conditions for this study by referring to a relevant
research report on lipid oxidation during the storage of matured whole grain flour [17].
The accelerated storage test conditions were as follows: 500 g of highland barley flour
from the different treatments was stored in woven flour bags (polyethylene) at 50 ± 1%
relative humidity and 50 ± 1 ◦C for 0–84 d to simulate accelerated storage conditions.
Appropriate samples were removed every 14 d for the differently treated highland barley
flours, repackaged, and stored at −80 ◦C until gas chromatography–mass spectrometry
(GC-MS) test was performed. The control samples were fresh highland barley flour that
had not undergone accelerated storage and were directly stored at −80 ◦C after prepara-
tion. Based on a preliminary analysis of the type and relative content of volatile flavor
compounds in the analyzed samples, samples stored for 0, 14, and 84 d were selected as
representative of the stages of flavor change for subsequent analysis.

2.4. The Gas Chromatography–Mass Spectrometry Detection of Volatile Flavor Compounds of
Highland Barley Flour

Different samples of highland barley flour (300 mg) were placed in 20 mL headspace
bottles. Ten microliters of 2-octanol was added as an internal standard. The volatile flavor
compounds were analyzed using a 7890B gas chromatograph, 5977B mass spectrometer,
and DB-Wax chromatographic column (30 m × 250 μm × 0.25 μm; Agilent Technologies
Inc., Santa Clara, CA, USA). The GC conditions were: extraction temperature, 60 ◦C;
preheating time, 15 min; extraction time, 30 min; resolution time, 4 min; splitless mode; and
carrier gas, helium. The column flow rate was 1 mL/min, the sample inlet temperature
was 250 ◦C, and the quadrupole temperature was 150 ◦C. The temperature rise program of
the column box was 40 ◦C for 4 min, followed by 5 ◦C/min at 245 ◦C for 5 min. The mass
spectrometry conditions included: ionization voltage, −70 eV; ion source temperature,
230 ◦C; transmission line temperature, 250 ◦C; mass scan range, m/z 20–400; and solvent
delay, 0 min.

2.5. Analysis of Key Volatile Flavor Compounds

The ROAV method was used to evaluate the contribution of different volatile com-
pounds to the overall flavor of the samples [18]. The greater the ROAV, the greater the
contribution of the compound to the overall flavor of the sample. The components that
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contributed most to the overall flavor of the sample were defined as having ROAVs = 100;
herein, all components in the sample had ROAVs ≤ 100. The components with ROAV ≥ 1
were the key flavor compounds in the sample. The components with 0.1 ≤ ROAV < 1 had a
modifying effect on the overall flavor of the sample.

The ROAV was calculated according to Equation (1):

ROAVi ≈ 100 × Ci
Cs

× Ts
Ti

(1)

where Ci is the relative content of volatile compound i (%); Ti is the sensory threshold of
volatile compound i (μg/kg); Cs is the relative content of the component contributing most
to the overall flavor of the sample (%); and Ts is the sensory threshold of the component
contributing most to the overall flavor of the sample (μg/kg).

2.6. Data Processing

The MS data were subjected to peak extraction, baseline correction, deconvolution,
peak alignment, and MS matching using Chroma TOF software (V4.3x, LECO) and the
National Institute of Standards and Technology (NIST) library for quantitative analysis
based on relative peak areas. Data were statistically analyzed using Microsoft Excel 2007,
Origin 2019b was used for component analysis and graphing, and Simca 14.1 was used for
orthogonal partial least squares-discriminant analysis (OPLS-DA). Values were expressed
as the mean ± standard deviation (SD) resulting from replicate samples. The annotation
and metabolic pathways of differential metabolic volatile compounds in highland bar-
ley flour were performed used the KEGG database (http://www.kegg.jp (accessed on
23 September 2021)).

3. Results and Discussion

3.1. Volatiles in Different Highland Barley Flour

A total of 186 volatile metabolites, including alcohols, esters, aldehydes, ketones, acids,
heterocycles, phenols, and hydrocarbons, were identified in different samples by GC-MS
analysis. The distribution of these compounds is shown in Figure 1, according to which
the untreated group was most enriched with hydrocarbons, which were more abundant
after extrusion puffing. The heterocyclic compounds were most abundant in the explosion
puffed, baked, and fried groups. A significant increase in ketones was observed in the
explosion puffed group. Zheng et al. studied the effects of different thermal treatment
methods on lipid oxidation and flavor compounds in highland barley and found that
aldehydes were the most abundant in untreated, infrared-treated, and steamed highland
barley, while esters were the most abundant in roasted, microwaved, and fried highland
barley [19]. These results differed from the results of this study, indicating that the variety
and treatment methods as well as the conditions affect the characteristic volatile com-
pounds of highland barley flour. During heat processing, the hydrocarbons formed mainly
through the oxidative decomposition of unsaturated fatty acids, free radical reactions
(cyclization and conjugation), and heat decarboxylation of saturated fatty acids have a
high flavor threshold and are generally not considered to be an important factor affecting
food flavor [10,15,20]. Ketones are formed mainly through autoxidation, β-oxidation, and
decarboxylation of fatty acids and generally have a pleasant aroma. However, their flavor
activity is relatively low, and their contribution to the overall flavor of highland barley
flours is likely to be small [6]. Heterocyclic compounds, which are mainly produced by
meladation, caramelization, and Strecker degradation reactions between reduced sugars
and amino acids, have nutty, roasted, and cocoa aromas and are considered to be “good”
flavoring substances for the samples [15]. With the increase in storage time, the number
of highly expressed volatile compounds tended to decrease in the untreated, explosion
puffed, and fried groups, whereas their numbers increased in the extrusion puffed and
baked groups. At the end of storage, new low-threshold and highly expressed compounds
appeared in different groups. These results suggested significant differences in the volatile
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flavor compounds of highland barley flour after different treatments or at different stor-
age stages and increased flavor deterioration in different highland barley flours at longer
storage times.

Figure 1. Heatmap of volatile flavor compounds in stored highland barley flour after different heat
processing methods. Y0, Y14, Y84: unprocessed samples stored for 0, 14, and 84 d, respectively. Q0,
Q14, Q84: explosion puffed samples stored for 0, 14, and 84 d, respectively. J0, J14, J84: extrusion
puffed samples stored for 0, 14, and 84 d, respectively. H0, H14, H84: baked samples stored for 0, 14,
and 84 d, respectively. C0, C14, C84: fried samples stored for 0, 14, and 84 d, respectively.
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3.2. Differential Volatile Compounds in Different Highland Barley Flour

Figure 2 showed that 22, 24, 14, 19, and 20 differential metabolic volatile compounds
were detected in untreated, explosion puffed, extrusion puffed, baked and fried highland
barley flours, respectively, during storage. As storage time increased, the composition
of the volatile flavor compounds changed significantly in the groups. In the untreated
group, hydrocarbons and alcohols were highly expressed within 14 d of storage, while the
low-threshold values of hexanoic acid, 1-pentanol, and 2-pentylfuran were significantly
up-regulated at the end of storage. 1-Pentanol and 2-pentylfuran have been reported to
be important indicators reflecting lipid oxidation in grains, and hexanoic acid has been
associated with undesirable flavor formation in highland barley [9,21]; these compounds
may be an important cause of deteriorated flavor in untreated highland barley flour. In
the explosion puffed group, the levels of heat-processed characteristic aroma compounds
such as pyrazine, 2-methoxy-4-vinylphenol, and 5-methyl-2-furancarboxaldehyde were re-
duced during storage, while those of low-threshold compounds such as hexanal, pentanal,
hexanoic acid, 1-pentanol, and 1-octen-3-ol were increased [6,21]. The significantly upregu-
lated, low-threshold compounds in the explosion puffed group were closely related to lipid
oxidation, where hexanal had a grassy and fatty flavor and 1-octen-3-ol had an ‘odor’; these
compounds may be the main source of flavor deterioration in explosion puffed highland
barley flour [9,14]. In the extrusion puffed group, the highly expressed compounds were
mainly hydrocarbons at the beginning of storage. After 14 d of storage, pentanal, hexanal,
and 4-methyldecane were significantly upregulated, whereas after 84 d of storage, hexanoic
acid, 2-pentylfuran, 1-heptanol, 1-pentanol, 1-octen-3-ol, 3,5-octadien-2-ol, and octanal
were significantly upregulated, suggesting that these compounds may be the primary
cause of flavor deterioration in extruded highland barley flour. In the baked group, the
relative contents of 2-methylfuran, 2-pentylfuran, and 4,6-dimethylpyridine were signif-
icantly decreased during storage, while those of hexanoic acid, hexadecyl nonyl ether,
2,3-dimethylpyrazine, and dodecyl nonyl ether were significantly enhanced, suggesting
that the loss of some of the characteristic roasted flavors in baked highland barley flour
was accompanied by an increase in hexanoic acid content after long-term storage. This
significant increase in hexanoic acid and hexanal contents may have contributed more to the
deterioration of flavor in baked highland barley flour [9]. At the beginning of storage, the
highly expressed compounds in the fried group were mainly heterocyclic, with significant
upregulation of 1-hydroxy-2-propanone and hexanal after 14 d of storage and 1-octen-3-ol,
propionic acid, pentanoic acid, 2-pentylfuran, and 1-pentanol after 84 d of storage. The
low-threshold compounds upregulated at the end of storage may have contributed more
to the deterioration of flavor in fried highland barley flour [21]. The changes in pyrazines
in the different heat-processed samples were generally small, suggesting that the “rancid
flavor” may be mainly the result of masking the “good” aromas by low-molecular-weight
aldehydes, ketones, acids, and alcohols produced by lipid oxidation rather than the poly-
merization or degradation of pyrazines. This finding was consistent with the findings of
Warner et al. on flavor deterioration in peanuts [22].

In summary, different processing methods and storage times had significant effects
on the differential flavor compounds in highland barley flour. Hexanal, pentanal, oc-
tanal, 1-pentanol, 1-octen-3-ol, 1-heptanol, 3,5-octadien-2-ol, hexanoic acid, propanoic acid,
pentanoic acid, and 2-pentylfuran may be closely related to the deterioration of flavor in
highland barley flour. Variations were observed in the distribution and expression of these
compounds in different samples.
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Figure 2. Heatmap of differential metabolic flavor compounds in stored highland barley flour after
different processing methods. (A–E) represent the differential metabolic compounds in unprocessed
samples (Y), explosion puffed samples (Q), extrusion puffed samples (J), baked samples (H), and
fried samples (C) stored for different times (0, 14, and 84 d), respectively.

3.3. Analysis of Key Volatile Compounds

As shown in Table 1, 34 volatile compounds with ROAV ≥ 0.1 were detected in
different highland barley flours, including 5 alcohols, 1 ester, 9 aldehydes, 1 ketone, 3 acids,
12 heterocycles, and 3 phenols. The distribution of these compound species differed from
their ROAVs in different highland barley flours. The explosion puffed, baked, and fried
groups had the highest number of key volatile compounds at 0 d of storage (all 10) and the
lowest number in the untreated group (4). The largest contributor to flavor in untreated
highland barley flour was hexanal, followed by hexanoic acid, mainly expressed as a green
aroma [9]. In the explosion puffed, baked, and fried groups, 2,6-dimethylpyrazine was the
largest contributor to flavor, followed by 3-ethyl-2,5-dimethylpyrazine, 2-methoxyphenol,
and 2-pentylfuran, which mainly conferred the samples nutty, roasted, smoky, and mung
bean-like aromas [23,24]. In the extrusion puffed group, hexanal still contributed the most
to the flavor, followed by 2-ethyl-1-hexanol, while the contribution of hexanoic acid was
lower than in the untreated group but higher than in the other groups. The order of the
effect of the different processing methods on the roasted highland barley flavor profile was
baked > fried > explosion puffing > extrusion puffing.

At 14 d of storage, the explosion puffed and fried groups had the most key volatile
compounds (9), while the untreated group had the fewest (4). Types of the key volatile
flavor compounds decreased after storage of the heat-processed highland barley flours.
The compound that contributed most to flavor in the untreated group changed to 2-ethyl-
1-hexanol and the ROAV of hexanoic acid increased to 50.71, both with a flowery aroma
and sweaty flavor, respectively [25]. The biggest contributor to flavor in the explosion
puffed, extrusion puffed, baked, and fried groups continued to be 2,6-dimethylpyrazine,
accompanied by the appearance of new key volatile compounds. Among these volatile
compounds, 3-methylbutyric acid (ROAV = 2.18) appeared in the untreated group; phenol
and 2-ethyl-1-hexanol appeared in the explosion puffed group; 1-pentanol (ROAV = 6.53)
and pentanal appeared in the extrusion puffed group; propionic acid and benzoic acid
methyl ester appeared in the baked group; and phenol and 2-methylbutanal appeared
in the fried group. These compounds, of which 3-methylbutyric acid has a sweat and
perspiration flavor and 1-pentanol has a grassy flavor, were found to contribute somewhat
to the poor flavor of highland barley flour [9,24]. Pentanal, 2-methylbutanal, and propionic
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acid had fermented, malty, and sweaty flavors, respectively, but their ROAVs were all less
than 1 and they had a secondary role in the overall flavor [10,26]. The other compounds in
the different groups showed an overall reduction in ROAV. Overall, the degree of flavor
deterioration in the different highland barley flours increased with storage time, which was
most significant in the extrusion puffed group, followed by the untreated group, and to a
lesser extent in the explosion puffed, baked, and fried groups.

After 84 d of storage, different groups had significant increases in the key volatile
flavor compounds; the fried group had the greatest increase and the untreated group had
the least increase, indicating further flavor deterioration in the highland barley flour. The
largest contributor to flavor was again hexanal in the untreated group and 1-octen-3-ol
in the extrusion puffed group, while 2,6-dimethylpyrazine remained the largest contrib-
utor to flavor in the explosion puffed, baked, and fried groups. In the explosion puffed,
baked, and fried groups, 2-ethyl-6-methylpyrazine, 2,3,5-trimethylpyrazine, and 3-ethyl-
2,5-dimethylpyrazine showed a variable increase in ROAV, but they were accompanied
by a decrease in ROAV for some other pyrazine compounds. The upregulation of some
pyrazines may have been generated again in the accelerated storage test. The key volatile
compounds of hexanal (4.53–100.00), hexanoic acid (16.06–95.22), 2-pentylfuran (7.12–40.12),
1-pentanol (9.61–33.49), and pentanal (0.74–1.92) in different samples contributed more
significantly after 14 d of storage. In addition, six new key volatile compounds were
observed, including 1-octen-3-ol (10.94–100.00), octanal (22.50–69.94), pyridine (1.54),
4-methylthiazole (0.89), 2-butyl-2-octenal (2.69), and (E,E)-2,4-decadienal (1.27). Apart
from pyridine and 4-methylthiazole, the remaining nine of these compounds were the main
constituents contributing to the undesirable flavor of the different stored highland barley
flours, and the formation of these compounds in large amounts may be the result of lipid
rancidity [14].

The above-mentioned nine key volatile compounds were most abundant in the extru-
sion puffed group (9), and their ROAVs was generally high, followed by the fried (7) and un-
treated groups (7), the explosion puffed group (6), and the baked group, which had the least
number of species (3) and their ROAVs were the lowest. Wilkins and Scholl used GC-MS
to analyze the volatile metabolites of molds growing on barley and found that the main
compounds were 1-octen-3-ol, styrene, and 3-methyl-1-butanol, with smaller amounts of
2-pentylfuran, 3-methylmethyl ether, 2-(2-furyl)pentanal, and 2-ethyl-5-methylphenol [27].
Later, Wang et al. found that 1-octen-3-ol, (E)-2-octen-1-ol, 3-nonen-1-ol, (E)-2-nonenal,
decanal, 2-undecanone, and 2-methylnaphthalene appeared or increased with longer stor-
age time in steamed millet flour, in which the main cause of the bad odor of the samples
was attributed to 1-octen-3-ol and (E)-2-nonenal [14]. Kaneko et al. reported that hexanal,
(E)-nonenal, (E,E)-2,4-nonadienal, and (E,E)-2,4-decadienal caused undesirable odors in
cooked barley [16]. The volatile components of aldehydes increased during the storage of
buckwheat, and hexanal and 3-methylbutanal could be used as markers of lipid oxidation
and flavor changes [13]. Our study findings were congruent with these above-mentioned
reports. In summary, nine compounds, including aldehydes, alcohols, acids, and furans,
were the main causes of flavor deterioration in stored highland barley flour after different
processing methods, and the degree of flavor deterioration in the different highland barley
flours was in the order of extrusion puffed group > fried group > untreated group > explosion
puffed group > baked group.
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3.4. Changes in Key Volatile Compounds during Storage

The relative contents of the nine key volatile compounds were monitored throughout
the storage period. The results are shown in Figure 3, according to which the relative content
of the nine compounds in the different highland barley flours showed an overall increasing
trend with the increase in storage time. The relative content of hexanal in the untreated
group increased rapidly and was significantly higher than in the other groups at the end of
storage. The relative contents of hexanoic acid, 2-pentylfuran, 1-pentanol, and pentanal
increased after 42 d of storage, while the relative contents of 1-octen-3-ol and octanal
increased significantly after 70 d of storage. Thus, the turning point for flavor deterioration
in the untreated highland barley flour was around 42 d. The relative contents of hexanal,
1-pentanol, and 1-octen-3-ol increased with storage time in the explosion puffed group,
while fluctuations were noted in the relative contents of hexanoic acid and 2-pentylfuran.
The relative content of pentanal increased rapidly after 56 d of storage, i.e., the turning
point for flavor deterioration in the explosion puffed highland barley flour was around 56 d.
The relative contents of the nine key volatile compounds were significantly higher in the
extrusion puffed group than in the other groups. The relative contents of 2-pentylfuran and
2-butyl-2-octenal increased significantly after 42 and 70 d of storage, respectively, while the
relative contents of the other compounds increased significantly after 14 d of storage. These
results indicated that extrusion promoted flavor deterioration in highland barley flour, and
the turning point was around 14 d. In the baked group, the relative contents of hexanal,
hexanoic acid, and 2-pentylfuran increased slowly with storage time, indicating that the
flavor deterioration in baked highland barley flour did not have a significant turning point.
In the fried group, the relative contents of hexanoic acid and 1-pentanol increased with
storage time, while that of hexanal increased and then decreased rapidly. The relative
content of 2-pentylfuran began increasing after 42 d of storage, while the relative contents
of pentanal and 1-octen-3-ol increased significantly after 28 d of storage, and that of octanal
increased slightly at the end of storage. Thus, the turning point for flavor deterioration in
fried highland barley flour was around 28 d. It could be seen that the upregulation times
for some key volatile compounds differed, which might be due to the different precursors
that form these compounds in the samples undergoing different changes during storage.
Overall, extrusion accelerated flavor deterioration in highland barley flour, while baking
effectively delayed flavor deterioration. We previously conducted research on the storage
characteristics of highland barley flour after different processing methods. The results
showed that the malondialdehyde levels remained consistently high during accelerated
storage of the extrusion puffed and fried groups. The peroxide levels of the extrusion puffed
and fried groups varied greatly during accelerated storage, while those of the explosion
puffed and baked groups were relatively stable. The fatty acid levels of different treatment
groups fluctuated within 42 d of storage and sharply increased after 84 d of storage. The
explosion puffed group showed the longest storage time, followed by the baked and fried
groups, while the extrusion puffed group had the shortest storage time, which could well
support the flavor characterization results in this work [31]. The findings of this study
differed from earlier results wherein extrusion processing was beneficial in improving the
storage stability of millet and oats, probably due to differences in grain types and their
chemical composition [14,23].
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Figure 3. Changes in the relative contents of 9 key volatile compounds during storage of dif-
ferent highland barley flours. (A–I) represent the relative content changes in hexanal, hexanoic,
2-pentylfuran, 1-pentanol, pentanal, 1-octene-3-ol, octanal, 2-butyl-2-octenal, and (E,E)-2,4-decadienal
during storage, respectively.

In addition, there was a positive correlation between the relative hexanal content and
storage time in the untreated (r = 0.811, p < 0.05) and explosion puffed (r = 0.971, p < 0.05)
groups, indicating that the changes in the relative hexanal content were more effective in
reflecting the changes in the quality of the untreated and explosion puffed highland barley
flours. A linear relationship between the relative content of hexanoic acid and storage
time was observed in the fried (r = 0.982, p < 0.01) and baked (r = 0.976, p < 0.01) groups,
indicating that the changes in the relative content of hexanoic acid could better reflect the
changes in the quality of fried and roasted baked highland barley flours. In the extrusion
puffed group, the linear relationships between the relative contents of 1-pentanol (r = 0.961,
p < 0.05), pentanal (r = 0.936, p < 0.05), 1-octen-3-ol (r = 0.986, p < 0.05), and octanal
(r = 0.984, p < 0.05) and the storage time were good in the range of 14–56 d, indicating that
the changes in the relative contents of these four compounds could reflect the changes in
the quality of the extrusion puffed highland barley flour over time. In summary, increases
in the contents of the nine key volatile compounds during storage indicated increases in
the degree of lipid oxidation and deterioration of the different highland barley flours, while
the rate of flavor deterioration after different processing methods was in the order of the
extrusion puffed group > fried group > untreated group > explosion puffed group > baked
group. Some of the key compounds were found to be effective in reflecting the flavor
deterioration in highland barley flour after different processing methods.

As can be seen from Figure 4A, H0, H14, and H84 were the most concentrated in the
principal components analysis (PCA) plot, indicating a relatively higher flavor similarity
between samples within the baked group during accelerated storage. The overall flavor
change in the other groups started to increase after 14 d of storage and was most obvious in
the extrusion puffed group, followed by the untreated group. This finding indicated a faster
flavor change in the extrusion puffed group and a slower change in the baked group, which
was consistent with the above analysis (Table 1 and Figure 3). However, PCA analysis
using the overall volatile compounds provided poor separation of the samples. The key
volatile compounds analyzed using the OPLS-DA model showed that the model reached
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significance (R2X = 0.952, R2Y = 0.993, Q2 = 0.890). The separation of highland barley
flours at different storage times (Figure 4B) was significantly higher than that achieved
with PCA analysis (Figure 4A), indicating that the key flavor compounds screened in this
study could achieve the differentiation and prediction of highland barley flour samples
at different stages of storage, and thus provide a theoretical basis for quality control and
monitoring of highland barley products.

Figure 4. Principal component analysis (PCA) of overall volatile flavor compounds in different
highland barley flours (A); OPLS-DA scores of key flavor compounds (B); Pathway enrichment
results of differential metabolites (C).
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3.5. Analysis of the Formation Mechanism of Key Volatile Compounds

As shown in Figure 4C, five amino acid metabolism pathways, including the metabo-
lism of alanine, aspartate and glutamate; glycine, serine and threonine; cyanoamino acid;
glutathione; and β-alanine, and one fatty acid metabolism pathway of linoleic acid had a
significant effect on the formation of volatile flavor compounds at p < 0.1 and Impact > 0.4.
These results indicated that amino acids and fatty acids are important for the formation of
volatile compounds in different highland barley flours and their changes during storage.
Highland barley is rich in amino acids and unsaturated fatty acids, and it may provide
an important material basis for the metabolism of various volatile compounds in different
samples [3]. The metabolic pathways of the nine key compounds identified in this study
to be associated with flavor deterioration are shown in Figure 5. The conversion of amino
acids to volatile compounds has been confirmed in a variety of plants and plant tissues [32].
In general, amino acids and their derivatives are subject to the removal of amino groups in
the reaction catalyzed by branch chain aminotransferases, and the intermediates formed
are further converted to aldehydes, alcohols, and esters by decarboxylases and esterifica-
tion [33]. For example, benzyl alcohol, benzaldehyde, and phenylacetaldehyde may be
derived from phenylalanine amino acids, and the chorismate synthase protein is a potential
key protein for phenylalanine degradation [34]. Moreover, free amino acids can react
with α-dicarbonyl to form Strecker aldehydes, such as benzaldehyde, phenylacetaldehyde,
2-methylbutyraldehyde, and 2-butyl-2-octenal [35].

Unsaturated fatty acids are less stable due to the presence of one or more double bonds
and are susceptible to oxidation. Oxidation of oleic, linoleic, α-linolenic, and arachidonic
acids with or without enzymatic catalysis (such as lipoxygenase) can form a variety of
flavor compounds, including short-chain aldehydes and alcohols, a phenomenon that has
been confirmed in grains, fruits, vegetables, vegetable oils, and others [36,37]. Fatty acid
oxidation forms small low-threshold aldehydes with grassy, fatty, oily, and fruity flavors,
which are common markers of lipid oxidative rancidity and food deterioration [25]. During
storage, the lipids in highland barley flour are hydrolyzed by lipase to release unsaturated
fatty acids, resulting in high levels of free fatty acids in highland barley flour during the
middle and late stages of storage. These free fatty acids are subject to rearrangement,
autoxidation, and enzymatic oxidation, usually to form the corresponding hydroperoxides
(13-, 11-, or 10-ROOH), followed by the action of hydroperoxide lyase to produce aldehydes,
which can be reduced to alcohols by alcohol dehydrogenase [38,39]. The metabolism of
unsaturated fatty acids can ultimately produce undesirable flavor compounds, such as
1-octen-3-ol, 1-pentanol, hexanol, heptanol, nonanol, hexanal, nonanal, heptanal, octanal,
and (E,E)-2,4-nonadienal, which was further confirmed by the results of this study [40].
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4. Conclusions

The composition of volatile flavor compounds during storage differed significantly
in highland barley flour treated with different processing methods. After heat processing,
extrusion puffed highland barley flour formed more hydrocarbons and explosion puffed
highland barley flour formed more ketones and heterocycles, while baked and fried high-
land barley flours formed a large number of heterocycles. With the extension in storage
time, there was a dynamic change in the differential metabolic compounds in highland
barley flour, flavor deterioration increased, and low-threshold compounds appeared at
the end of storage. Extrusion and frying accelerated the flavor deterioration in highland
barley flour and the effect was in the order of extrusion puffing > frying, while explosion
puffing and baking slowed the flavor deterioration in highland barley flour, in the order of
baking > explosion puffing. Five aldehydes (hexanal, pentanal, octanal, 2-butyl-2-octenal,
and (E,E)-2,4-decadienal), two alcohols (1-pentanol and 1-octen-3-ol), one acid (hexanoic
acid), and one heterocycle (2-pentylfuran) were the key volatile compounds observed to
be involved in the flavor deterioration of differently treated highland barley flours. The
formation of these compounds mainly involved amino acid metabolism and linoleic acid
metabolism. The relative contents of these compounds could be used to reflect the flavor
deterioration process in highland barley flour at different processing stages and to distin-
guish the quality of highland barley flour at different storage times. This study can provide
a theoretical basis for understanding the storage quality and implementing flavor quality
control of hot-processed highland barley products.
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Abstract: Stinky tofu is a traditional Chinese food with wide consumption in China. Nevertheless,
the dynamic changes in the flavour of stinky tofu during storage have yet to be investigated. In this
study, the flavour changes of stinky tofu over six different storage periods were comprehensively
analysed through sensory, electronic nose and gas chromatography-mass spectrometry (GC-MS)
analyses. The results of the sensory and electronic nose analyses confirmed the changes in the flavour
of stinky tofu across different storage periods. In the GC-MS analysis, 60 volatile compounds were
detected during storage, and the odour activity values indicated that 29 of these 60 compounds
significantly contributed to the aroma profile. During storage, the alcohol concentration of the stinky
tofu gradually decreased while the acid and ester concentrations increased. According to a partial
least squares analysis, 2-phenylethyl acetate, 2-phenylethyl propanoate, p-cresol, and phenylethyl
alcohol, which were detected after 10 days of storage, promoting the release of an overripe apple-like
odour from the stinky tofu. Findings regarding the flavour changes and characteristics of stinky
tofu during different storage periods can provide a potential reference for recognising the quality of
these products.

Keywords: stinky tofu; food flavour; volatile compounds; GC-MS

1. Introduction

As a type of traditional food, stinky tofu has been a popular snack since the Wei
Dynasty in 220 A.D. in China [1]. Stinky tofu is prepared from soybeans, which contain a
large amount of protein that decomposes into amino acids after fermentation. Moreover,
stinky tofu contains vitamin B12, which can help prevent Alzheimer’s disease [2]. Stinky
tofu also has a high content of s-equol, which has been proven to promote the health of
menopausal women [3,4]. At present, stinky tofu has become a household snack in China
and is increasingly popular.

Stinky tofu is prepared by soaking tofu in a specially fermented brine for several hours
to several days. The fermented brine leads to mild fermentation of the tofu and endows
it with a unique flavour [5]. This brine is typically prepared by mixing tempeh, shiitake
mushrooms, amaranth, bamboo shoots, and other edible plants with water; this mixture
is naturally fermented for several months to 3 years. During this period, microorganisms
in the mixture grow and produce various enzymes, such as proteases and lipases, whose
reaction products will contribute to the special odour profile of the brine [6]. In general,
the core microbes that contributed to brine fermentation were Enterococcus, Lactobacillus,
Lactococcus and Leuconostoc [5]. The characteristic aroma of stinky tofu is generated during
the process of soaking tofu in fermented brine. Considering the significant influence of
fermented brine on the flavour of stinky tofu, many researchers have focused on extracting
and analysing the volatile compounds in different types of stinky tofu and fermented brine,
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for instance, by examining the characteristic flavour compounds in stinky tofu samples [7],
dynamic changes in the volatile compounds in brine during fermentation [8], differences
in the volatile compounds of stinky tofu sold under different brand names [9], and the
flavours of fermented brine prepared by laboratory lactic fermentation [10].

The shelf life of stinky tofu is typically short (approximately 5–13 days). This short
lifespan is attributable to the high water and protein content of tofu and the fermented
brine remaining in the packaging, which leads to the continuous fermentation of products
during transportation and storage. The post-fermentation process quickly and considerably
changes the flavour of stinky tofu. However, none of the existing studies have investigated
the nature of these changes.

In this study, volatile compounds were extracted from stinky tofu over a 13-day
storage period through headspace solid-phase microextraction (HS-SPME). Moreover, gas
chromatography-mass spectrometry (GC-MS) and odour active value (OAV) analyses
were performed to clarify the compositions and intensities of the volatile compounds.
A quantitative descriptive analysis (QDA) and an electronic nose (e-nose) analysis were
performed to examine the aroma profiles of the stinky tofu during storage. We speculate
that the types and concentrations of volatile flavour substances in Stinky tofu will change
regularly during storage. The findings can allow researchers to compare the dynamic
changes in stinky tofu flavour during storage and provide a reference for recognizing the
quality of products.

2. Materials and Methods

2.1. Materials and Reagents

Alkane standards (C6–C30) were purchased from Sigma–Aldrich (St. Louis, MO,
USA), and 2-octanol (internal standard, IS) was purchased from Dr. Ehrenstorfer GmbH,
Augsburg, Germany. All chemicals were of analytical reagent grade with a purity higher
than 98%. Stinky tofu samples were produced according to the traditional production
process by soaking tofu in brine and provided by a local tofu manufacturer in Shanghai.
The general production process of stinky tofu: take the fresh tofu cut into uniform blocks,
completely soaked in the brine for 10–30 min. The brine was mainly fermented with
amaranth and other various spices for nearly 1 year. Then the soaked tofu was immediately
packaged and stored at 4 ◦C for sale. The storage of samples is calculated from the date
of production, and the dynamic changes in aroma were examined after 1, 3, 5, 7, 10 and
13 days of storage at 4 ◦C.

2.2. Quantitative Descriptive Analysis

The sensory descriptors were determined based on international standards (ISO
8589-2007.14) after administering a check-all-that-apply survey and training the sen-
sory evaluators, who included 19 panellists from the Shanghai Institute of Technology
(10 women and 9 men aged 22–28 years), with reference to our previous study [11].
The sensory panellists were selected by assessing the sensory discrimination abilities of
32 candidates with experience in sensory testing who participated in the training process.
The candidates were not informed of the purpose of the study and were trained for 15 days
(60 min/day) to describe and identify aromas. Considering the descriptors recorded in pre-
vious studies and the results of preliminary experiments, descriptors agreed upon by more
than 50% of the panellists were retained [12,13]. Nine sensory descriptors (overripe apple-
like, rotten egg-like, mellow, winey, beany, rotten plant-like, musty, rancid, and sweaty)
were reserved in the formal test. The following odorants were used to compare the nine
odour descriptors: overripe apple-like, overripe apples; rotten egg-like, 0.05% hydrogen
sulfide in water; mellow, cotton balls soaked with 5 mL of alcohol in a sealed container for
24 h; winey, 5 mL of whisky in a brown glass bottle; beany, fresh beans soaked in water for
12 h; rotten plant-like, stems soaked in water for 2–3 d; musty, enoki mushroom root; rancid,
0.5% butyric acid solution in propylene glycol; and sweaty, 0.01% butyric acid solution
in water.
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The aroma profile was analysed in an individual sensory testing laboratory at a con-
stant temperature of 20 ◦C, according to the ISO 4121-2003 standard. The intensity of each
aroma attribute was rated on a scale of 0–5 (0 = not perceivable, 3 = medium perceivable,
5 = strongly perceivable), with the final score of each aroma attribute corresponding to the
average for all panellists.

2.3. E-Nose Detection

In order to verify the flavour changes of stinky tofu in different storage periods, a
HERACLES e-nose from Alpha-MOS (Toulouse, France) was used to analyse the volatile
compounds in the stinky tofu. The instrument was equipped with 18 metal oxide sensors
and a headspace autosampler (HS100) that could perform data processing. The GC function
and e-nose olfactory fingerprint software were installed in the e-nose. Stinky tofu samples
(1 g) were placed in 10-mL glass vials with Teflon rubber caps. Each vial was incubated
at 40 ◦C for 10 min with stirring (500 rpm). The headspace (5000 μL) was carried by air
(150 mL/min) and injected into the nose. The sensor resistance was measured within
100 s with an acquisition frequency of once per second. The performance characteristics of
electronic nose sensors are listed in Table 1.

Table 1. Performance characteristics of electronic nose sensors.

No. Sensor Name Type of Sensitive Substance

1 LY2/LG Chlorine, Fluorine, Sulfide
2 LY2/G Ammonia, Amine compounds
3 LY2/AA Ethanol, Ammonia
4 LY2/Gh Ammonia, Amine compounds
5 LY2/gCTI Sulfide
6 LY2/gCT Propane, Butane
7 T30/1 Propanol, Hydrogen chloride
8 P10/1 Hydrocarbons, n-octane
9 P10/2 Methane, n-heptane

10 P40/1 Fluorine, Chlorine, Methyl furfural
11 T70/2 Xylene, Toluene
12 PA/2 Acetaldehyde, Amine compounds
13 P30/1 Ammonia, Ethanol
14 P40/2 Chlorine, Methyl mercaptan
15 P30/2 Hydrogen sulfide, Copper
16 T40/2 Chlorine
17 T40/1 Fluorine
18 TA/2 Alcohol

2.4. Aroma Extraction through HS-SPME

The volatile compounds in the stinky tofu were extracted through HS-SPME with a di-
vinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) fused silica
(75 μm)-coated fibre (1-cm-long; Supelco, Inc., Bellefonte, PA, USA) [14]. Prior to ex-
traction, the stinky tofu was evenly crushed into a paste in a mortar. Subsequently,
3 g of the crushed stinky tofu and 7 μg of 2-octanol solution (220 μg/kg) were placed
in a 15-mL headspace vial that was later sealed with a Teflon cover. The extraction fibre
types were optimised according to the type and quantity of volatile compounds in the
preliminary experiment. The number of volatile compounds extracted by 3 different SPME
fibres was 34 (PDMS/DVB), 60 (DVB/CAR/PDMS), and 28 (CAR/PDMS), respectively.
The final optimised extraction conditions were as follows: the headspace vial containing
the stinky tofu sample was equilibrated in a water bath at 60 ◦C for 15 min. Subsequently,
the SPME fibre was inserted in the headspace of the vial for 50 min to extract the volatile
compounds. The SPME fibre was directly introduced into the injection port of the GC-MS
after extraction.
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2.5. GC-MS Analysis

The GC-MS analysis was performed using an Agilent 7890 gas chromatograph (5973C,
Agilent Technologies, Santa Clara, CA, USA) equipped with a mass spectrometer. Sep-
arations were performed using HP-Innowax analytical fused silica capillary columns
(60 m × 0.25 mm × 0.25 μm) from Agilent Technologies. A splitless mode was used for the
injection for 4 min at 40 ◦C. The operating conditions for the GC-MS were as follows: the
flow rate of helium was 1 mL/min, the mass spectrum was recorded in the electron impact
mode (70 eV) in a scan range of 35–350 m/z with the ion source maintained at 250 ◦C. The
initial oven temperature for the HP-Innowax column was set at 40 ◦C and maintained
for 4 min. Subsequently, the temperature was increased to 130 ◦C at a rate of 4 ◦C/min,
maintained at this value for 5 min, increased to 200 ◦C at a rate of 4 ◦C/min, and main-
tained at this value for 5 min [14,15]. Kovats’ retention indices (RIs) were calculated using
mixtures of n-alkanes(C6–C30) for both stationary phases [16]. All volatile compounds
were quantified using 2-octanol as an internal standard [17]. Compound identification was
based on mass spectra matching with the standard NIST 17 MS library and on the compari-
son of RI sourced from the NIST Standard Reference Database. The volatile compounds
were quantified by comparison of peak areas in the ion extraction chromatogram (IEC),
which was obtained by selecting target ions for each compound to that of internal standard
(2-octanol). These ions corresponded to base ion (m/z 100% intensity), molecular ion (M+)
or another characteristic ion for each molecule. Hence, some peaks that could be co-eluted
in scan mode can be integrated with a value of resolution greater than 1. The minimum
detection limit for this method was 3 μg/kg, relative standard deviation (RSD) < 6.0. The
concentration of volatile compounds was calculated as the following formula:

Wi = ((Cs × Vs)/m) × (APi/APs) (1)

where Wi is the concentration of the volatile component to be measured, μg/L; Cs is
the concentration of the internal standard substance, μg/L; Vs is the volume of internal
standard added, μL; m is the weight of the sample, g; APi is the peak area of the volatile
component; APs is the peak area of the internal standard.

2.6. OAV Analysis

OAV is the ratio of the concentration of an aromatic substance to its threshold value in
water [18], which indicates the minimum concentration of volatile compounds that can be
smelled. A compound with an OAV greater than 1 is considered to influence the aroma
profile. The magnitude of this value reflects the contribution of the compound to the aroma
profile. The OAV can be calculated as the following formula.

OAV = Ci/OTi (2)

where Ci is the concentration of the volatile compounds, and OTi is the threshold of the
compound in water.

2.7. Statistical Analysis

All data were evaluated through analysis of variance (ANOVA) and Duncan’s multiple
range tests, implemented using SPSS software (v. 19.0, SPSS Inc., Chicago, IL, USA).
Alpha Soft (Alpha-MOS proprietary software) was used to process the e-nose data, and
chemometric methods executed automatically by the software were used to interpret the
e-nose measurement results. Simca-p soft (v14.1, MKS Umetrics AB) was used to derive
the partial least squares (PLS) plots. Origin 2018 software (OriginLab, Northampton, MA,
USA) was used to obtain radar charts of the sensory attribute scores and histograms for the
GC-MS results. Each test was performed in triplicate.
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3. Results and Discussion

3.1. Sensory Analysis

QDA was performed to explore the aroma profiles of the stinky tofu during the tested
storage periods and differences in the sensory characteristics. Nine descriptors, namely
overripe apple-like, rotten egg-like, mellow, winey, beany, rotten plant-like, musty, rancid,
and sweaty, were used to analyse the aroma characteristics of the samples. As shown
in Figure 1, all aroma attributes except sweaty changed significantly across the storage
periods (p < 0.05). In the descriptive analysis, the score for beany was significantly higher
(p < 0.05) than the scores of the other attributes in the Day 5 samples. The scores for
rotten egg-like, rotten plant-like, and overripe apple-like were significantly higher, and
the scores for mellow and winey were lower in the Day 13 samples than in the other
samples (p < 0.01). Samples stored for less than 7 days exhibited similar aroma profiles.
The beany attribute decreased significantly in the samples after Day 10, and the flavour
profile changed significantly on Day 13. Increases in unpleasant flavour attributes, such as
overripe apple-like, musty, rotten egg-like, and rotten plant-like, deteriorated the flavour of
the stinky tofu.

Figure 1. Sensory aroma profiles of the stinky tofu samples in different storage periods. ‘*’ indicates
the significance (p < 0.05) according to ANOVA and Duncan’s multiple comparison tests.

3.2. E-Nose Analysis

To verify the difference in the flavour of stinky tofu across different storage peri-
ods, a dynamic factor analysis (DFA) was performed using an e-nose to identify correla-
tions between the individual composition variables of the stinky tofu over time [19]. The
two-dimensional DFA plot is shown in Figure 2. The sum of the first two discriminant
factor values was 91.936% (DF1: 54.942% and DF2: 36.994%). The stinky tofu samples
stored for less than 7 days are distributed on the positive semi-axis of DF1, whereas the
samples stored for less than 5 days are concentrated in the first quadrant and are easily
distinguishable from the samples stored for more than 10 days. The flavour characteristics
of stinky tofu samples stored for 1 to 7 days were similar, whereas significant differ-
ences were observed after 10 days of storage. Both of the stinky tofu samples stored for
10 and 13 days could be distinct from earlier time points. Overall, the results of the e-nose
analysis verified the flavour of the stinky tofu changed significantly with increasing storage
time, and significant flavour differences were observed between the samples in the early
and late stages of storage.
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Figure 2. Results of e–nose of DFA plot of the stinky tofu samples in different storage periods.

3.3. Volatile Compounds in the Stinky Tofu Samples

The volatile compounds in the stinky tofu were analysed by HS-SPME-GC-MS in
the 13-day storage period and are listed in Table 2. A total of 60 volatile compounds
were detected, including 10 acids, 17 alcohols, 11 aldehydes, 13 esters, three phenols,
three ketones and three compounds of other types. Among them, 29 volatile compounds
with OAVs greater than 1 were detected (Table 3), including three acids, six alcohols,
10 aldehydes, six esters, two phenols, one ketone and one furan substance. In particular,
1-octen-3-ol, (E,E)-2,4-decadienal, (E,E)-2,4-nonadienal, nonanal, and p-cresol contributed
significantly to the aroma profile of the stinky tofu (OAV > 100). Among these compounds
with OAV greater than 100, 1-octen-3-ol typically has a mushroom-like smell, (E,E)-2,4-
decadienal typically has a chicken and fatty smell, whereas the other two aldehydes have a
green and fatty smell. All of these compounds except p-cresol were considered the main
sources of the beany odour.
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The stinky tofu over 6 different storage periods exhibited high concentrations of acids,
including acetic acid, propanoic acid, and butanoic acid. The maximum concentration
and OAV corresponded to butyric acid, which has a strongly acidic and sweat-like smell
and likely contributes significantly to the overall aroma profile of stinky tofu. In addition,
2-methylbutanoic acid and 3-methylbutanoic acid, which have pungent, sour, and rancid
odours, had high OAVs (OAV ≥ 1). The branched-chain fatty acids in stinky tofu are
typically produced by the fermentation of amino acids by anaerobic microorganisms [19].
The obtained results are similar to those obtained by Wang et al. in a study of fermented
brine [20].

The alcohol compounds, which are mainly derived from the fermentation of raw
materials in the brine, endowed the stinky tofu with a mellow aroma and functioned as
the main components of the volatile compounds in the stinky tofu. Among these alcohols,
hexanol and 1-octen-3-ol may promote the beany smell of stinky tofu through synergy or
masking effects [20]. Phenylethyl alcohol, which has a sweet rose-like fragrance, is a typical
volatile compound in food and is likely derived from benzenesulfonic acid through a series
of reactions [21,22].

Aldehydes present in the sample are widely recognized as off-flavour substances
produced during food storage [23,24]. Aldehyde compounds usually exhibit green, herbal
and fatty odours [20], in which benzaldehyde is a typical volatile compound in food and
has a bitter almond-like nutty aroma, and hexanal is considered to be a typical compound
to enhance the beany odour of the stinky tofu [25].

Esters, which typically exhibit floral and fruity scents, contributed to the ‘fermented’
and ‘over-ripe apple’ odour in the aroma profile of the stinky tofu. Although the pleasant
floral and fruity aromas of esters have been noted to enhance food flavours [26], the
excessive ester concentration in the Day 13 samples did not result in a pleasant odour, likely
because of the dynamic trends of volatile compounds and masking of the ester aromas
by acids.

Phenol and p-cresol, which exhibit unpleasant odours, were found to contribute to
the characteristic odour of stinky tofu. These conclusions were consistent with those of
existing studies [14,26].

There are many kinds of volatile compounds in stinky tofu, which was very similar
to some existing research results. However, some compounds considered the core flavour
substance of stinky tofu was not detected, such as indole and skatole [9,14]. The volatile
compounds in stinky tofu may relate to the processing technology, raw materials and
geographic area [5]. The stinky tofu used in this research was sourced from the southeast
coastal regions of China, and the brine was fermented using an amaranth-based mixture
of plants. This mixture may impart a different aroma compound than that found in the
central and western regions of China.

3.4. Changes in the Aroma Profile during Storage

The dynamic changes in the contents and ratios of volatile compounds in the stinky
tofu during 6 different storage periods were determined by comparing and analysing the
volatile compounds. As shown in Figure 3, as the storage period increased, the number
of volatile compounds in the stinky tofu first increased and then decreased. Furthermore,
the compositions of volatile compounds in the stinky tofu stored for less than 7 days were
similar, and the composition of the compounds changed significantly after 10 days. The
number of volatile compounds was maximised in the Day 5 samples (40 compounds),
likely because of the incomplete fermentation of the freshly prepared stinky tofu and,
consequently, the incomplete production of the volatile compounds. Alcohols, esters,
and phenols exhibited significant fluctuations in numbers and concentrations (p ≤ 0.05).
The numbers and concentrations of esters increased significantly after Day 10, whereas
those of alcohols decreased. In terms of concentration, the significant increases in ester
concentrations in post-fermentation samples likely occurred because esters are generated
by bacterial esterification, which may have been promoted by the high-water activity of
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the stinky tofu during storage [27]. In general, stinky tofu samples stored for different
time periods had distinct flavours and a regular dynamic trend in these flavours was
observed with changes in the storage time. During storage, the stinky tofu exhibited high
concentrations of acids, alcohols, and aldehydes. The acid concentration in nearly all
samples was high and contributed significantly to the aroma profile of the stinky tofu
owing to their low threshold. The acid concentrations peaked (72.8%) in the Day 3 sample.
The ester concentrations increased significantly after Day 7 (p < 0.05), and extremely high
concentrations were observed in the Day 13 sample. These high concentrations likely
occurred because the acid produced in the later stage of fermentation provided a sufficient
substrate for the formation of esters [28].

Figure 3. (A) Numbers and (B) concentrations of volatile compounds in the stinky tofu samples
during storage.

As shown in Figure 3, esters were mainly detected in the post-fermentation samples
(storage period of 10–13 days), and the numbers of esters increased as the storage period
was prolonged, likely because of the delay in esterification between acids and alcohols [22].
High concentrations of the esters 2-phenethyl acetate and 2-phenethyl propionate were
detected on Day 7 and Day 10. Notably, these two volatile compounds, which represent
the final products of benzenesulfonic acid conversion, only appeared after Day 10 and may
indicate over-fermentation of the stored stinky tofu [21]. The p-cresol was observed in all
storage periods, and its concentrations increased with the storage time, with the maximum
values observed in the Day 13 sample. The p-cresol exhibits a phenolic odor, and it has
been reported that it can contribute to the unique aroma of stinky tofu [13].
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3.5. PLS Analysis

PLS analyses were performed to examine the correlations between the sensory at-
tributes and the volatile compounds of the stinky tofu. The concentrations of 29 volatile
compounds with OAV greater than 1 were represented as the X-matrix, and the nine sensory
descriptors were represented as the Y-matrix. Among these 29 compounds, 15 compounds
exhibited VIP values greater than 1, indicating the significant contribution of these com-
pounds to the aroma of the stinky tofu. Volatile compounds and sensory analysis data were
used to establish a model to identify the relationships between the volatile compounds and
sensory attributes (Figure 4). The results indicated that most of the sensory attributes were
correlated with the volatile compounds, and nearly all X and Y variables lay within the
ellipse (R2 = 100%; R2 represents the degree of interpretation).

Figure 4. Partial least squares correlation plot from the analysis of the stinky tofu samples. The model
was derived from 29 volatile compounds with OAV greater than 1 as the X–matrix and the result of
sensory analysis as the Y–matrix. Codes 1–29 refer to the volatile compounds listed in Table 3.

The concentrations of volatile compounds that contributed to beany flavour were
higher in the early periods of storage, such as 1-hexanol (2), 2-pentyl-furan (29), hexanal
(14), decanal (18), (E)-2-nonenal (19) and (E,E)-2,4-nonadienal (21), which consistent with
previous results [21]. In addition, ethyl acetate (7), propanoic acid ethyl ester (8), acetic
acid pentyl ester (9), acetic acid hexyl ester (10), propanoic acid hexyl ester (11) and
2-phenylethyl acetate (12), were considerably influenced the score for the overripe apple-
like attribute. It is worth mentioning that all of the substances related to overripe apple-like
flavor were esters, with rapidly increased concentrations in the late fermentation stage.
Generally, the sweet, fruity flavour of esters had a positive effect on food flavour [29];
however, the sensory of esters was perceived as an unpleasant “overripe” odour in the
samples, likely due to the inadequate coordination of esters with other volatile compounds
in stinky tofu. This finding is also consistent with the results of sensory analysis for stinky
tofu samples. Butyric acid (23) was significantly correlated with the descriptors of rotten
eggs and rancidity in the samples, and the point representing p-cresol (28) was close to
the descriptors of “Rottenplant.” These two compounds were demonstrated to be strongly
associated with the characteristic odor of stinky tofu, a finding that is similar to those
reported in other studies [21]. Therefore, the PLSR analysis results and the key aroma
compounds identified by OAV indicated that the different types and concentrations of
volatile compounds have a significant impact on the aroma attributes of stinky tofu.
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4. Conclusions

The aroma profile and dynamic changes in the flavour of the stinky tofu during
storage were investigated based on QDA and SPME-GC-MS. Sixty volatile compounds
were isolated and identified in stinky tofu samples stored for six periods by SPME-GC-MS,
and the contributions of these compounds to the aroma were investigated by calculating
the OAVs. According to the results of sensory evaluation, the scores of unpleasant flavour
attributes such as sweaty, rancid, rotten plant-like and rotten egg-like tended to increase at
the late stage of storage. Based on the PLS analysis, the esters in the stinky tofu generated an
overripe apple-like aroma, and stinky tofu stored for more than 7 days exhibited significant
increases in the ester concentration. The ester concentration thus can be considered an
indicator of the product storage time. The concentrations of 1-hexanol, 2-pentyl-furan,
hexanal, decanal, (E)-2-nonenal and (E,E)-2,4-nonadienal were positively correlated with
beany characteristics and were higher in the early stages of storage than in later stages. The
results regarding the flavour changes and characteristics of stinky tofu during different
storage periods can provide a reference for recognizing the quality of products. In addition,
the established correlation between aroma compounds and sensory descriptors of stinky
tofu can be leveraged for further research, such as targeted regulation of certain aroma
characteristics in stinky tofu based on the concentrations of volatile compounds associated
with descriptors.
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Abstract: Safe and health-beneficial citrus oils can be employed as natural preservatives, flavorings,
antioxidants, and as antibacterial and antifungal agents in a wide variety of food products. In this
research, using GC–MS methodology, the major volatile composition of Citrus bergamia EO, obtained
by hydro-distillation, was determined to consist of limonen (17.06%), linalool (46.34%) and linalyl
acetate (17.69%). The molecular fingerprint was obtained using FTIR spectroscopy. The antibacterial
effect of C. bergamia EO at different concentrations (0.5, 1, 2.5 and 5 μg/mL) was tested against
different pathogen species (Salmonella typhimurium, Bacillus cereus, Staphylococcus aureus, Escherichia
coli, Listeria monocytogenes), based on disc diffusion assay. The in vitro antifungal activity of C. bergamia
EO oil against Aspergillus niger and Penicillium expansum was evaluated using agar disc diffusion assay.
Clear inhibition zones were formed by C. bergamia EO against selected species of pathogens. Almost
all of the concentrations were revealed to have antifungal activity against selected fungal pathogens.
The highest inhibition rate of A. niger at 6 incubation days was 67.25 ± 0.35 mm with a 20 μL dose,
while the growth in the control was 90.00 ± 0.00 mm. In addition, the highest inhibition rate of
P. expansum was 26.16 ± 0.76 mm with a 20 μL dose, while the growth was 45.50 ± 2.12 mm in the
control fungus. A higher antifungal effect of C. bergamia EO against P. expansum was obtained. It was
observed that the growth of fungi was weakened with increasing concentrations (5, 10, 15 and 20 μL
dose) of C. bergamia EO. Statistically significant (p < 0.05) results were obtained for the antibacterial
and antifungal effects of C. bergamia EO. The findings from the research may shed light on the further
use of C. bergamia EO obtained from peels in innovative food engineering applications in order to
maintain food quality, food safety, and food sustainability.

Keywords: GC–MS; volatile composition; C. bergamia; antimicrobial; essential oil; post-harvest fungi

1. Introduction

Essential oils obtained from plants are natural valuable products that have economic
and commercial importance in industrial applications. With their unique volatile com-
pounds, essential oils have pioneering importance in foods, drinks, perfumeries, pharma-
ceuticals and cosmetics [1]. Several studies have documented the fact that essential oils
can be employed as natural preservatives, flavorings, antioxidants, and antibacterial and
antifungal agents in a wide variety of food products. In particular, citrus oils have been
found to have tremendous applications in the area of food production because of their safe
and health-beneficial properties [2].

To date, essential oils have attracted attention in both the academic field and industrial
applications, due to their properties, including volatility and safety. The main active EO
components are phenols, terpenes, aldehydes and ketones, whose actions are directed
against the cytoplasmic membranes of target microorganism cells [3]. Factors found to
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influence essential oil composition have been explored in several studies, and a number of
researchers have demonstrated that genetic variation, geographical location of the plants,
seasonal variations, and climate change are some of the major factors that determine the
uniqueness and chemistry of essential oils [1]. The chemical composition of essential
oils determines their antifungal, antibacterial, antioxidant and insecticidal capabilities.
Consequently, various studies have been dedicated to exploring the volatile composition of
essential oils [4].

Today, there is a growing interest, in both academic institutions and in industry,
in determining the safe and green capabilities of using essential oils to combat and con-
trol pests and diseases in agriculture [5]. Economic losses can result from the growth of
fungal microorganisms in edible agricultural products, causing plant diseases and food
spoilage. In agriculture, fruit and vegetables are often exposed to microbial contamination
from pathogenic fungi during post-harvest storage [6,7]. Due to the widespread appli-
cation of chemical fungicides, most pathogenic strains have developed a resistance to
them. In addition, there are reports of effects, such as carcinogenesis, residual toxicity and
environmental pollution, caused by the continued use of such fungicides [8]. In order to
minimize the undesirable side effects of synthetic fungicide applications, researchers have
focused on evaluating alternative natural biofungicides. With a view to ensuring consumer
safety when consuming fruit and vegetables protected by using synthetic fungicides, natu-
ral extracts (EOs) have been investigated as healthy and non-toxic alternatives for the past
few decades [9].

Recently, in many countries around the world, there has been an apparent increase
in demand for organic products that have not been treated with agrochemicals, especially
after harvest. Therefore, essential oils can be evaluated as safe and reliable antimicrobial
and antifungal agents to effectively manage major post-harvest diseases. Related to the
demand for natural and reliable control agents, essential oils have become prominent as a
means of safe alternatives to synthetic fungicides [10].

C. bergamia, also known as “Bergamot”, is a plant belonging to the Rutaceae family,
and takes the form of a hybrid of bitter orange and lemon. The main producer countries
are Italy, countries in East Africa, Ivory Coast, Argentina, Brazil and Turkey. The essential
Bergamot oil (C. bergamia EO) has commercial use in the perfumery and essence industries
due to its favorable aroma and fragrance properties. Other usage areas can be listed as the
pharmaceutical industry and the food industry. As is recognized as safe, C. bergamia EO
can be used in the latter as a flavoring agent in a wide range of foodstuffs, such as liqueurs,
tea, coffee, ice cream, confectionery and drinks [11].

The essential oil quality varies depending on the geographical origin, climate change,
seasonal factors and soil properties. Consequently, the volatile composition, and the
bioactive, antifungal and antibacterial properties exhibit changes based on these factors.
The above-mentioned functional properties of essential oils determine the industrial quality
and their use in high-value commercial products. Additionally, at the present time, waste
management and valorization are important problems. In this context, the determination
of the chemical composition of the waste parts of fruits, such as peels, is gaining growing
importance. To the best of our knowledge, this study is the first attempt to comprehensively
evaluate the antimicrobial, antifungal, molecular and volatile properties of C. bergamia peel
essential oil, obtained by the hydro-distillation of fresh bergamot peels (Turkey, Hatay).
There is a need for thorough studies in which the specific properties of C. bergamia peel
essential oil is investigated in detail using robust analytical techniques. The aim of this
study was to first evaluate the antifungal activity of C. bergamia peel essential oil from
Turkey by in vitro methods, against A. niger and P. expansum fungal pathogens and E. coli,
L. monocytogenes, B. cereus and S. aureus pathogenic bacteria. The second aim of the study
was to determine the volatile compound composition of C. bergamia essential oil from
Turkey (Hatay) using the robust GC–MS technique.

147



Foods 2023, 12, 203

2. Materials and Methods

2.1. Essential Oil and Chemicals

C. bergamia organic fruits originating from Hatay (Turkey) were used in this study.
Potato dextrose agar (PDA) and other chemicals were procured from Merck (Darmstadt,
Germany). E. coli ATCC 8739, L. monocytogenes ATCC 13,932, B. cereus ATCC 11,778.

The S. Typhimurium ATCC 14,028 and S. aureus ATCC 6538 and A. niger and
P. expansum were obtained from Yildiz Technical University, Turkey. Samples were di-
luted with diethyl ether (Merck-Schuchardt, FRG, GC > 98%) prior to the GC–MS analysis.

2.2. Isolation and Identification of Pathogenic Fungi

Fungi were previously isolated from infected apples at the correct stage of maturity to
isolate A. niger and P. expansum, and stored at room temperature until spoilage. These fungi
were identified using the available literature, which describes their colony and hyphae
morphology, conidial structure and characteristic features [6,12]. Pure cultures were main-
tained on Potato Dextrose Agar (PDA, Merck, Darmstadt, Germany) at 27 ◦C with 50 mg/L
streptomycin (Merck, Darmstadt, Germany) for 7 days. Spores were collected by filling
the media surface with sterile distilled water and gently shaking the plate to remove and
separate the spores. A conidial suspension was prepared in sterile Ringer’s solution (Merck,
Darmstadt, Germany). Spores were counted and the final inoculum concentration was
adjusted to a concentration of 1 × 105 spores/mL per pathogen. Suspensions obtained
prior to inoculation were shaken using a vortex mixer for 30 s [13].

2.3. In Vitro Antifungal Assay

The disk evaporation method was used to determine the antifungal activity of
C. bergamia EO against A. niger and P. expansum. Fungal plugs from a 7-day old, actively
growing, culture, 6 mm in diameter, were inoculated into petri dishes containing 20 mL
of fresh Potato Dextrose Agar (PDA) medium. Diluted essential oils, ranging from 5 to
20 μL/petri, were then adsorbed onto blank antimicrobial disks. The disks were placed on
the petri dishes by inverting the petri dishes. Sterile distilled water was used as a control.
The petri dishes were covered with parafilm immediately after the addition of the essential
oil to allow effective exposure of the vapors to the fungal mycelia, followed by incubation
at 27 ◦C for 7 days. This assay per test pathogen was triplicated to arrive at a statistically
sound conclusion [7,9,14].

2.4. Linear Polynomial Contrast

The linear relationships between the applied doses of C. bergamia essential oil and the
growth of the fungal pathogens (A. niger and P. expansum) were established using a simple
linear regression analysis, performed using Origin 6.0 software.

2.5. Determination of Antibacterial Activity

The antibacterial activity of C. bergamia EO at different concentrations from 0.5 to
5 μg/mL was evaluated by the agar disc diffusion method. Nutrient Agar (NA) medium
was used to cultivate the bacteria, and each bacterial suspension was diluted and adjusted
to the equivalent of the 0.5 McFarland standard (108 CFU/mL). A sterile 6 mm paper disc,
impregnated with 20 μL of each tested C. bergamia EO was placed on the surface of the
inoculated plates. A disk impregnated with 20 μL of distilled water was used as a negative
control. The plates were incubated at 37 ◦C for 24 h. Microbial inhibition was assessed
visually in terms of the diameter of the zones of inhibition surrounding the discs, including
the intervertebral discs, and recorded in millimeters according to NCCLS (2015) [15].

2.6. Statistical Analysis

The size of the mycelial growth levels (mm) was expressed as the mean of three record-
ings with their standard deviation. The significance of the mean differences was compared
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statistically using Student’s t test at p < 0.05. Experimental data were subjected to one-way
analysis of variance (ANOVA) using the JMP (release 6.0.0, SAS) software package.

2.7. FTIR Data Acquisition

FTIR measurements were performed by using the ATR accessory of the equipment.
Samples were kept in amber vials until analysis at 4 ◦C. The spectral parameters of reso-
lution and accumulation were selected as 4 cm−1 and 16 scans, respectively. Data were
acquired and processed by using the OPUS program Version 7.2 (Bruker Gmbh, Bremen-
Germany). A quantity of 100 mL of each sample was dripped on the crystal, after which
the diamond crystal of the ATR accessory was cleaned with pure ethyl alcohol. An air
spectrum was used as a background spectrum prior to each acquisition.

2.8. GC–MS Analysis
2.8.1. C. bergamia EO Extraction from Fresh Peels

The essential oil extraction from C. bergamia fruits was performed using both a
hydro-distillation Clevenger apparatus system and a microwave extraction system (Mile-
stone, Italy). In the traditional hydro-distillation, Clevenger apparatus system was used,
C. bergamia peel was subjected to hydro-distillation for 2 h with a peel:weight ratio of 1:1.

The microwave assisted extraction of C. bergamia fruit peels was performed in the
following procedure. The system included a cooling system outside the microwave oven,
with the EO being obtained from a Clevenger-type equipment connected to the oven.
The operation temperature was 100 ◦C, with 600 W power being applied for 35 min.
The operation was stopped when no more essential oil was obtained. The water and
C. bergamia peel weight ratio was selected as 1:1 and 4 mL of essential oil was obtained
from 400 g of fresh C. bergamia peel. The C. bergamia essential oil was stored at 4 ◦C until
the GC–MS analysis.

2.8.2. GC–MS Data Acquisition of C. bergamia EO

In the sample preparation, diethyl ether was used as a diluent (1:20). An Rtx-5MS
capillary column (30 m × 0.25 mm × 0.25 μm) was used in measurements. The oven
temperature increased gradually from 40 ◦C for 3 min at the beginning of the temperature
program, then increased to 100 ◦C at an 8 ◦C/min rate, and was then raised to 200 ◦C at
a rate of 5 ◦C/min, and, finally, to 250 ◦C at a rate of 10 ◦C/min. The temperature of the
injection block and the flow rate of the carrier gas were 250 ◦C and 1 mL/ min, respectively.
The samples were scanned at a mass range of 35 and 650 (m/z). The composition of the
essential oil was determined by comparing the obtained GC–MS total ion chromatogram
with those included in the NIST (National Institute of Standard and Technology) and Wiley
Library of GCMS-QP2010 equipment (Shimadzu, Milan, Italy). The quantitative amount
of each compound was calculated on the basis of the percentage area of each identified
compound chromatogram compared to the areas of total peaks (100%). Samples were
scanned three times, and all the peaks detected in at least two of the total ion chromatograms
(TIC) were used for the calculation of relative abundance.

3. Results

3.1. Antibacterial Activity Assay

In evaluating the antibacterial effect, C. bergamia EO was prepared in various con-
centrations, such as 0.5 μg/mL, 1 μg/mL, 2.5 μg/mL and 5 μg/mL, against E. coli,
L. monocytogenes, B. cereus, S. typhimurium and S. aureus by the disc diffusion method.
The results shown in Table 1 indicate that the bacterial strains expressed a varied range of
susceptibilities to the actions of C. bergamia EOs (Figure 1).

At a concentration of 0.5 μg/mL, the lowest inhibition rate of 8.50 ± 0.70 mm was
observed for B. cereus. The lowest inhibition rate for S. aureus and the highest inhibition
rate for L. monocytogenes was achieved at concentrations of 1 and 2.5 μg/mL. At a con-
centration of 5 μg/mL, the highest inhibition zone of 13.50 ± 0.70 mm was observed for
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L. monocytogenes. As a result of this study, L. monocytogenes was identified as the most
sensitive bacterium.

Table 1. Zone of inhibition (mm) of C. bergamia EO against bacterial strains.

Species 0.5 μg/mL 1 μg/mL 2.5 μg/mL 5 μg/mL

S. typhimurium 9.25 ± 0.35 a 10.87 ± 1.23 b 11.50 ± 0.70 c 11.50 ± 0.35 c

B. cereus 8.50 ± 0.70 a 12.00 ± 0.00 b 12.50 ± 0.70 c 12.50 ± 0.35 c

S. aureus 10.00 ± 0.00 a 10.50 ± 0.70 b 10.50 ± 2.12 b 11.50 ± 0.00 c

E. coli 10.00 ± 0.00 a 11.50 ± 0.70 b 12.50 ± 0.70 c 12.50 ± 0.00 c

L. monocytogenes 10.00 ± 0.00 a 12.75 ± 0.35 b 13.00 ± 0.70 b 13.50 ± 0.70 c

All data are presented as mean ± standard deviation. a–c: in each row, lowercase superscript letters indicate
differences between doses of C. bergamia EO against each bacteria species. p < 0.05 was considered statisti-
cally significant.

Figure 1. Clear inhibition zones formed by C. bergamia EO against different species of pathogens.

3.2. In Vitro Antifungal Assay

From Tables 2 and 3, it is apparent that the C. bergamia essential oil showed antifungal
properties with regard to both the fungal pathogens. Raising the concentration of essential
oil resulted in a higher growth inhibition ratio (%)As a result, almost all of the concen-
trations were revealed to have antifungal activity against the selected fungal pathogens.
Increasing the dose from 5 to 20 μL/petri of C. bergamia resulted in a weaker growth of the
fungi. The vapors of the essential oil of C. bergamia could inhibit the pathogen growth even
more at a concentration of 20 μL/petri.

In the 6 days of incubation of A. niger, inhibition rates of 78.00 ± 0.00 mm at a 5 μL
dose, 77.00 ± 2.82 mm at a 10 μL dose, 75.00 ± 0.00 mm at a 15 μL dose and 67.25 ±
0.35 mm at a 20 μL dose and 90.00 ± 0.00 mm growth of control were observed. In the
6 incubation days of P. expansum, inhibition rates of 32.00 ± 2.82 mm at 5 μL dose, 31.50
± 0.00 mm at 10 μL dose, 27.00 ± 0.00 mm at 15 μL dose and 26.16 ±0.76 mm at 20 μL
dose and 45.50 ± 2.12 mm of control fungi were observed. A higher antifungal effect on
the part of C. bergamia EO was obtained against P. expansum. The experimental results
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suggested that increasing the doses (5, 10, 15, 20 μL/petri) of C. bergamia EO resulted in
weaker growth of both A. niger and P. expansum (Figures 2 and 3).

Table 2. Inhibitory effect of C. bergamia EO against in vitro mycelial growth (mm) of A. niger at
different incubation periods (n = 3).

Incubation Days Control 5 μL 10 μL 15 μL 20 μL

3 41.66 ± 1.25 a 31.00 ± 3.04 b 27.83 ± 1.60 c 22.75 ± 0.35 d 19.83 ± 1.04 e

4 58.66 ± 1.52 a 46.5 ± 2.12 b 43.25 ± 1.76 c 40.00 ± 0.00 d 34.50 ± 0.70 e

5 77.5 ± 3.53 a 64.00 ± 2.82 b 59.5 ± 2.12 c 57.75 ± 0.35 c 50.00 ± 1.41 d

6 90.00 ± 0.00 a 78.00 ± 0.00 b 77.00 ± 2.82 b 75.00 ± 0.00 c 67.25 ± 0.35 d

All data are presented as mean ± standard deviation. a–e: in each row, lowercase superscript letters indicate
differences between doses at each incubation period. p < 0.05 was considered statistically significant.

Table 3. Inhibitory effect of C. bergamia EO against in vitro mycelial growth (mm) of P. expansum at
different incubation periods (n = 3).

Incubation Days Control 5 μL 10 μL 15 μL 20 μL

3 19.00 ± 0.00 a 19.50 ± 1.50 b 17.50 ± 0.00 c 14.66 ± 0.76 d 13.83 ± 0.76 e

4 25.50 ± 0.35 a 23.83 ± 2.56 b 22.50 ± 0.00 c 18.33 ± 0.76 17.66 ± 0.57 e

5 30.75 ± 2.47 a 28.00 ± 2.00 b 26.50 ± 0.00 c 23.83 ± 1.60 c 21.83 ± 0.76 e

6 45.50 ± 2.12 a 32.00 ± 2.82 b 31.50 ± 0.00 b 27.00 ± 0.00 c 26.16 ± 0.76 d

All data are presented as mean ± standard deviation. a–e: in each row, lowercase superscript letters indicate
differences between doses at each incubation period. p < 0.05 was considered statistically significant.

Figure 2. The antifungal effects of C. bergamia EO at different doses against A. niger.

In Figure 4, the results of the linear regression analysis are displayed as plots of the
dose of C. bergamia EO versus in vitro mycelial growth of A. niger and P. expansum. It was
determined that the relationship between dose application and fungal growth was linear
and negative, based on the linear regression analysis, which was well explained by the
high coefficients of determination (R2), which ranged from 0.80 and 0.99. The values of
the linear determination coefficients obtained as a response to linear regression between
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fungal growth and dose application, suggested that the essential oil of C. bergamia pos-
sessed strong antifungal properties, which remarkably inhibited the growth of the fungal
species considered.

Figure 3. The antifungal effects of C. bergamia EO at different doses against P. expansum.

Figure 4. Plots of the dose (μL) of C. bergamia EO versus in vitro mycelial growth (mm) of A. niger
and P. expansum, respectively (obtained by linear regression), showing a negative linear polynomial
relationship between mycelial growth and doses, along with linear equations and R2 values.
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3.3. FTIR Characterization of C. bergamia EO

The ATR-FTIR spectrum of C. bergamia EO essential oil at the spectral range of
4000–400 cm−1 is presented in Figure 5. The major bands were observed at 2967, 2918,
1724, 1643, 1450, 1373, 1240, 1112, 994, 918, 887, 834 and 800 cm−1. In the previous studies,
the FTIR band assignments, of a citrus species lemon essential oil, were presented [2]. Com-
mon FTIR bands were observed in the FTIR spectrum of C. bergamia EO. The band, with a
peak point at 2967 cm−1, corresponded to –CH3 asymmetric and symmetric stretching vi-
brations [2]. The bands at 2918, 1724, 1643 cm−1 were due to the C–H stretching vibrations,
the C=O stretching vibrations of ester groups, and ν(–C=C–, cis-) and δ(–OH) vibrations,
respectively [16]. The band at 1450 cm−1 might be related to the bending vibrations of
CH2 and CH3 of aliphatic groups [17]. The significant peaks at 1376 cm−1 and 887 cm−1

arose from C-H bending vibrations and (–HC = CH–, trans-) bending vibrations, respec-
tively [16,18]. The significant bands at 994 and 918 cm−1 were probably due to δ(–HC=CH–,
trans-) bending vibrations [16]. Lastly, the bands at 834 and 800 cm−1 corresponded to C–H
stretching vibrations and C=C bending vibrations, respectively [2,19].

Figure 5. ATR-FTIR spectrum of C. bergamia EO essential oil at the spectral range of 4000–400 cm−1.

3.4. GC–MS Characterization of C. bergamia EO

The volatile compounds of C. bergamia essential oil obtained by hydro-distillation is
presented in Table 4. These compounds were assigned by a comparison of GC–MS data with
the commercial libraries (NIST27 and WILEY7) of the equipment. The volatile compounds
presented in Table 4 explained 99.85% of all volatile ingredients in the composition of
C. bergamia essential oil. The major volatile compounds were determined to be limonene
(17.06%), linalool (46.34%) and linalyl acetate (17.69%).

Table 4. Composition (%), retention time (R.T.) and volatile compounds in the C. bergamia peel EO.

Content (%) Chemical Name RT a RI b

0.14 ± 0.02 α-Thujene 8.541 924
0.57 ± 0.02 α-Pinene 8.701 932
0.45 ± 0.05 Sabinene 9.615 969
2.51 ± 0.03 β-Pinene 9.698 974
1.18 ± 0.07 Myrcene 9.983 988
0.04 ± 0.01 Octanal 10.234 998
0.16 ± 0.09 α-Terpinene 10.567 1014

17.06 ± 0.06 Limonene 10.947 1024
0.2 ± 0.04 Z-β-Ocimene 11.021 1032
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Table 4. Cont.

Content (%) Chemical Name RT a RI b

0.54 ± 0.05 E-β-Ocimene 11.277 1044
4.11 ± 0.06 γ-Terpinene 11.604 1054
0.39 ± 0.06 Terpinolene 12.389 1086

46.34 ± 0.02 Linalool 13.046 1095
0.28 ± 0.03 Trans-sabinene hydrate 15.103 1098
2.41 ± 0.02 Exo-fenchol 15.522 1118
0.05 ± 0.09 Decanal 15.819 1201
0.08 ± 0.05 Acetic acid 15.969 1211
1.23 ± 0.01 Nerol 16.569 1227
0.56 ± 0.03 Z-citral 16.903 1235

17.69 ± 0.06 Linalyl acetate 17.414 1254
0.80 ± 0.05 Dimethoxy-(E)-citral 17.757 1338
0.95 ± 0.05 Neryl acetate 20.306 1359
1.13 ± 0.04 Geranyl acetate 20.822 1379
0.30 ± 0.05 Z-Caryophyllene 21.954 1408
0.27 ± 0.06 Cis-α-Bergamotene 22.290 1411
0.05 ± 0.07 Z-β -Farnesene 22.755 1440
0.36 ± 0.08 β-Bisabolene 24.126 1505
Total: 99.85 Total

27.35 Monoterpene hydrocarbons
71.52 Oxygenated monoterpenes
0.98 Sesquiterpene hydrocarbons

0 Oxygenated sesquiterpenes

RT a Retention time of the compounds. RI b Reported retention indices in the literature [20].

4. Discussion

The antimicrobial effects of essential oils suggest that their activity stems from their
lipophilic properties. Interactions between antimicrobial compounds and cell membranes
affect both lipid assembly and bilayer stability. Their mode of action occurs in the phos-
pholipid bilayer, which is related to disruption of the cell membrane. This is caused by
biochemical mechanisms catalyzed by the cell’s phospholipid bilayer. These processes
include the inhibition of electron transport, protein translocation, phosphorylation steps,
and other enzyme-dependent reactions [21].

Marotta et al. [15] evaluated the in vitro antimicrobial activity of various C. bergamia
EOs against several strains of L. monocytogenes. Fisher and Phillips [22] demonstrated the
antimicrobial activity of C. bergamia EO against C. jejuni, E. coli 0157, L. monocyto-genes,
B. cereus, and S. aureus, in both direct oil and vapor forms. They stated that gram-positive
bacteria were more susceptible in vitro than gram-negative bacteria. This may be due to
the relatively impermeable outer membrane that surrounds gram-negative bacteria and
restricts the diffusion of hydrophobic compounds [23,24].

Mycelium growth inhibition data, recorded at 6 days after inoculation at 25 ± 2 ◦C
treated with C. bergamia EO at a 20 μL/petri concentration, showed the strongest mycelium
growth inhibition of P. expansum. At 20 μL/petri concentrations, the most significant micelle
inhibitory effect was observed for both fungi.

C. bergamia oil at a 0.8% v/v concentration inhibited the mycelium growth of pathogenic
fungi. However, a powerful control could not be observed for P. grisea and R. solani [21].

Kulkarni et al. [9] investigated the antifungal activity of wild C. bergamia essential oil
against the postharvest fungal pathogens, Colletotrichum musae and Lasiodiplodia theobromae,
of banana fruit at concentrations of 1 mL to 10 mL. Their results exhibited 100% growth
inhibition for both fungal pathogens at 4 mL.

Table 4 displays the chemical names, contents (%), and retention times (RTa) for
the Rtx-5MS GC column, and the reported retention indices noted in the literature [20].
Monoterpene hydrocarbons, oxygenated monoterpenes and sequiterpene hydrocarbons
constituted the volatile composition at percentages of 27.35%, 71.52 and 0.9%, respectively.
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This also accorded with some earlier observations, which showed that hydro-distillated
C. bergamia essential oil involves limonene (32.29%), linalool (33.64%) and linalyl acetate
(9.22%) [25]. However significant differences were observed between the limonene contents
of C. bergamia. In accordance with the present results, previous studies showed that
the major volatile compounds of C. bergamia essential oil were limonene, linalool and
linalyl acetate [26].

The literature highlighted the importance of terpenes and terpenoids with respect
to other EO components. Phenol ring structure-rich molecules were found to have con-
siderable antibacterial activity, but enrichment with OH groups might increase their an-
tibacterial properties [3]. The studies presented thus far provide evidence that the an-
tifungal activities of essential oils are clearly related to their chemistry, including their
chemical compounds, the percentage structure of each component, as well as their struc-
ture [9,27]. Kulkarni et al. [9] indicated that the chemical composition of wild bergamot
(Monarda fistulosa) essential oil was determined by the GC–MS technique, and revealed
that the main compounds of the essential oil, thymol, carvacrol and cinnamyl carbanilate,
showed the best antifungal activities. Additionally, the antibacterial effect of terpenes is
well known. They destroy the multi-layered structure of polysaccharides, fatty acids and
phospholipids, penetrate the cell wall, and make the cytoplasmic membrane permeable.
In bacteria, these events are associated with ion loss and decreased membrane potential,
leading to breakdown of the proton pump and depletion of the ATP pool and lysis [15,28].

5. Conclusions

Volatile compound composition was determined using the GC–MS technique. The most
abundant volatile constituents were determined to be limonene (17.06%), linalool (46.34%)
and linalyl acetate (17.69%). The molecular fingerprint of the C. bergamia EO obtained by
hydro-distillation was determined on the basis of FTIR spectroscopy. The essential oils
from the C. bergamia peel provided anti-mycelial and anti-bacterial growth, and disrupted
spore germination activity in the case of pathogenic fungi [29]. According to the results
obtained, C. bergamia EO provides a good basis for the formulation of products, with po-
tential effectiveness in terms of combatting bacteria and fungi. In addition, using smaller
amounts of oil can have significant economic implications. These findings increase the
opportunities and possibilities of exploiting essential oils as promising candidates for use
in crop production systems, as alternative safe natural antifungal agents. In other words,
the results suggested that bergamot peel essential oil could be used as a natural alternative
for food preservation The findings from the current research may shed light with regard
to the further use of C. bergamia peel EO in innovative food engineering applications as a
means of maintaining food quality, ensuring food safety and improving food sustainability.
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Abstract: The aim of this study was to investigate the effects of cow breed and the addition of wild
garlic on the sensory quality, volatile compounds, and physical properties of soft rennet-curd cheese.
Cheese was produced from the milk of the Polish Holstein-Friesian breed Black-and-White type
and the Polish Red breed, with or without the addition of wild garlic leaves. The samples were
analyzed for their sensory quality, volatile compounds (using an electronic nose and GC/MS), color,
and texture. The intensity of taste and smell characteristics depended only on the addition of wild
garlic. PCA showed that the differences in volatile profiles resulted both from the milk cow breed
and the use of wild garlic. Breed influenced almost all color parameters, while the addition of wild
garlic affected all of them. The milk source, wild garlic addition, and storage duration influenced the
majority of the textural parameters of the cheeses. The research conducted indicates that the addition
of wild garlic leaves results in the enrichment of the volatile compound profile of cheese, making
its taste and smell less milky and sour (p ≤ 0.001), while modifying its color and some textural
properties (p ≤ 0.001); while, at the same time, not adversely affecting the sensory assessment of the
color, appearance, texture, smell, or taste of the cheese (p > 0.05).

Keywords: soft cheese; herbs; wild garlic; chemical composition; volatile organic compounds; flavor;
color; texture

1. Introduction

Unripened soft rennet-curd cheese can be manufactured from the raw or pasteurized
milk of various animal species: cows, sheep, and goats. Its production involves the uti-
lization of mesophilic lactic acid bacteria (LAB) as a starter culture and rennet. Unlike
mold- or smear-ripened soft rennet-curd cheese, it is consumed fresh and no maturation is
required [1]. Herbs are often added to soft cheese, in order to enrich its flavor and increase
variety. This is sometimes related to the traditions of the production region; e.g., tradi-
tional “Otlu cheese”, in the eastern part of Turkey, is produced with Allium sp., Ferula sp.,
Tymus sp., Prangos sp., Antriscus nemorosa, Chaerophyllum macropodum, Silene vulgaris, and
Mentha sp. [2]. Moreover, wild garlic is added to camembert cheese for barbecuing in
the Czech Republic [3]. Fresh leaves of wild garlic can also be added as a spice to flavor
cottage cheese [4]. Herbs contain many aroma compounds. Moreover, their presence in
cheese increases the hydrolysis of fat, which causes the release of higher levels of free fatty
acids [2]. Therefore, the addition of herbs changes the profile of volatile compounds, both
directly and indirectly.
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Wild garlic (Allium ursinum L.), also known as bear garlic, ramson, or broad-leaved
garlic, is used in local cuisine in Eastern Europe, as well as in Poland, Germany, the Czech
Republic, and Turkey. The leaves, bulbs, and flowers of wild garlic are edible; however,
its leaves have the greatest consumer use. For example, in Turkey and Poland, wild garlic
leaves are used in the manufacturing of local rennet-curd cheeses [3]. Fresh soft rennet-curd
cow milk cheese with wild garlic has not previously been investigated. On the other hand,
researching the influence of wild garlic leaves on the properties of herby-pickled (Otlu)
cheese revealed their effect on the color, determined using the CIELAB system, as well as
on sensory-assessed body and texture. Nevertheless, no influence on acceptability was
found [2]. Moreover, wild garlic contains many sulfur compounds. Their hydrolysis gives
rise to various volatile compounds, e.g., (poly)sulfides and thiosulfinates, responsible for
the specific odor and taste of this herb [4].

Cheese properties can be affected by several factors: genetic, environmental, and/or
technological. The main factor among genetic aspects is breed, which indirectly affects
cheese quality through its influence on milk characteristics [5]. Moreover, environmental
factors are connected with feeding systems. Grazed multifloral pastures, hay, and silage
fed to animals influence the milk composition in different ways. Feeding affects the basic
chemical composition and sensory properties of milk, as well as its volatile profile [6]. Milk
origin was found to influence the sensory and textural properties of fromage frais type
cheeses. The cheese, made from Polish Red breed (RP) milk, was characterized by a more
pleasant smell and lower values of hardness and chewiness than that made from Polish
Holstein-Friesian breed Black-and-White type (HF) milk [7]. On the other hand, breed
did not affect the color indices or firmness of camembert cheese made from Holstein and
Normande cows [8].

We hypothesized that the addition of wild garlic leaves could have a positive influence
on the quality of soft cow milk rennet-curd cheese. Therefore, the aim of this study was
to investigate the effects of cow milk source and the addition of wild garlic leaves on
the sensory quality, volatile compound profile, and physical properties of soft rennet-
curd cheese.

2. Materials and Methods

2.1. Materials

Milk for production of the soft rennet-curd cheese came from two sources. Cow milk
from HF was obtained directly from a farm located in Dziekanowice near Krakow (Poland),
while from RP it came from the Dairy Cooperative in Bochnia (Poland). HF cows were
grazed on pastures located in Dziekanowice near Krakow (Lesser Poland Voivodeship,
Poland), as well as fed on freshly mown vegetation from the pasture, GMO free fodders,
and hay. RP cows were grazed on fresh mountain meadows near Bochnia in the mountain
and sub-mountain areas on the border of the Beskid Wyspowy mountain range and Pogórze
Wiśnickie (Lesser Poland Voivodeship, Poland), as well as fed GMO free fodders and hay.
The raw bovine milk was obtained in one season, the summer (from July to September).

Cheese was produced under laboratory conditions and in two independent series at
the Faculty of Food Technology, University of Agriculture in Krakow, Poland. The produc-
tion process was the same as previously described by Pluta-Kubica et al. [1], with minor
modifications. Briefly, the milk was standardized to 2.9% fat content; pasteurized at 72 ◦C
for 15 s; cooled down to 32 ◦C; enriched with anhydrous calcium chloride (0.2 g/kg of the
vat milk); inoculated with a mesophilic mixed strain starter culture containing Lactococcus
lactis subsp. cremoris, Lactococcus lactis subsp. lactis, Leuconostoc mesenteroides subsp. cremoris,
and Lactococcus lactis subsp. diacetylactis (CHN-19, Chr. Hansen, Hørsholm, Denmark);
fermented at 32 ◦C for 1 h; and coagulated (32 ◦C, 2.5 h) using a microbial rennet with
activity of 2200 IMCU/g (Fromase 2200TL, Specialties, Heerlen, Denmark). Afterwards,
the curd was subjected to cutting and stirring (32 ◦C, 0.5 h). The curd was divided into
two groups before molding. Half of it was utilized for natural cheese production (N),
while the remaining part was gently mixed with wild garlic leaves (5 g/kg of the curd),
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to obtain herbal cheese (H). Cylindrical molds with a diameter of 8 cm were used. The
cheeses were drained (28 ◦C, 1 h; 20 ◦C, 18 h), brined (16% NaCl, 16–18 ◦C, pH 5.1–5.2,
20 min), dripped (4–6 ◦C, 22 h), individually packed in plastic bags, and then stored for
2 weeks at 4 ◦C. An average of 18.4 L and 19.3 L of milk was used to produce the HF and
RP cheese, respectively. On average, 1005.0 g and 1160.8 g of HF N and H cheese was
obtained, respectively. Regarding RP cheese, 1479.4 g (N) and 1539.3 g (H) of cheese were
produced. The weight of cheese was determined after dripping.

The wild garlic (Allium ursinum L.) used in this research consisted of whole leaves (the
above-ground part). Fresh material (20 kg) was collected in a privately owned forest located
in the village Ropa, Lesser Poland Voivodeship, in Poland, at an altitude of 600 m above
sea level. The village is located in the West Beskid Mountains, a part of the West Outer
Carpathians. The leaves were harvested before the plant flowered, in early April. After
picking, the fresh material was packed into a cooled box and transferred to the laboratory
within 2 h. The raw material was processed on the same day. As part of preparing the raw
material, the leaves were washed in cold tap water. Surface water was removed by gentle
centrifugation in a leafy-vegetable centrifuge and with ambient air blowing from a fan. Any
leaves that were mechanically damaged or diseased during these actions were removed.
Convection drying was carried out in a ProfiLine-type chamber dryer with airflow parallel
to the sieves (Hendi, The Netherlands). The charge of the material was 2 kg per 1 m2 of
the screen. The drying temperature was 40 ± 1 ◦C, and the time was about 40 h, until the
humidity reached 10%. Dried leaves were stored in a dry and cool place, away from light,
in glass jars, and chopped using a sharp knife just before the production of cheese. The
chopped leaves were 5 to 10 mm in length and width.

All reagents were of analytical grade and utilized as received, without further purifica-
tion. Chemicals were produced by POCH S.A. (Gliwice, Poland), unless otherwise stated.

2.2. Chemical Composition, Acidity, and Water Activity Evaluation

The content of water was determined according to ISO 5534:2004 [9]. The total protein,
sodium chloride, and ash contents in the cheese were analyzed according to AOAC [10].
The amount of fat was determined according to ISO 3433:2008 [11]. The acidity (pH) was
electrometrically assessed using a pH-meter (CP-411, Elmetron, Poland). Water activity was
measured according to ISO 18787:2017 [12] using a LabMaster-aw (Novasina AG, Lachen,
Switzerland). The chemical composition of the cheese was evaluated on the day following
brining. Additionally, the water content, pH, and water activity were estimated at the end
of the storage period.

2.3. Sensory Quality Assessment

Sensory quality assessment was only performed on fresh samples (on the day follow-
ing production). All cheese groups were evaluated by eight trained panelists (of age from
21 to 58) in two series (n = 64; two sources of milk × two kinds of cheese × two series of
production × eight panelists). The participants were tested for their taste and smell detec-
tion thresholds, as well as ageusia and anosmia. They were familiar with the descriptive
terms used and instructed about the process of evaluating the different sensory attributes.
The analysis was conducted in a sensory laboratory equipped with six individual boxes.
It took about 10 min per panelist. Potable water was available to the evaluators during
the analysis.

The sensory evaluation of cheese samples was performed using two methods. First,
a 5 point scale (1—”bad quality”, 2—”insufficient quality”, 3—”satisfactory quality”,
4—”good quality”, and 5—”very good quality”) [13] was applied to evaluate the color,
external and cross-sectional appearance, texture, taste, and smell. Definitions for five
quality levels for each selected trait were established (Table S1). The following indices
of significance: 0.15, 0.20, 0.15, 0.25, and 0.25, respectively, were adopted. Afterwards,
the overall quality was calculated (the sum of the individual scores for the properties
multiplied by the corresponding indices) [13].
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Second, an assessment regarding the intensity (with boundary terms from 0—‘imperceptible’,
to 5—‘very intense’) of taste and smell discriminants was performed using the profiling method of
quantitative descriptive analysis [14]. The following discriminants of taste were taken into account:
milky, sour, herbal, bitter, piquant, salty, and pleasant; and of smell: milky, sour, herbal, and pleasant.
These qualitative features were established during a special session.

2.4. Volatile Compound Analysis

Analysis of volatile compounds was performed using an electronic nose (e-nose) and
gas chromatography -mass spectrometry (GC/MS). The samples were frozen prior to
analysis, stored at −20 ◦C and later thawed.

The electronic nose (Heracles II, Alpha M.O.S., Toulouse, France) method employed
in this study has previously been described [15,16]. Briefly, 2.5 g of the cheese sample was
dynamically incubated (250 rpm) in a 20 mL vial (in a thermostat block) at 50 ◦C for 15 min
(Autosampler, Alpha M.O.S.). Afterwards, a volume totaling of 5 mL of the headspace
gaseous compounds was withdrawn using a headspace autosampler syringe and dispensed
into the e-nose injector for each analysis. The selected compounds with a discriminant
>0.950 were identified by matching the measured peaks using Kovats retention indices with
the NIST (National Institute of Standards and Technology) library (>50%), implementing
Alpha Soft V14 software (Alpha M.O.S.). The analysis was repeated three times for each
sample (n = 48; two sources of milk × two kinds of cheese × two storage periods × two
series of production × threefold analysis).

The head-space solid-phase microextraction (HS–SPME) method, previously de-
scribed [17], was used with some modifications. Briefly, 2.5 g of sample was dynamically
incubated (250 rpm) with an SPME fiber (1 cm; 50/30 μm DVB/CAR/PDMS) (Supelco,
Bellefonte, PA, USA) in a 20 mL vial in a thermostat block at 50 ◦C for 30 min (Com-
biPal automated sample injector 120, CTC Analytics AG, Zwingen, Switzerland). The
initial conditioning of the fiber was performed by heating the sample to 270 ◦C for 1 h
in a SPME Fiber Cleaning and Conditioning Station (placed in the CombiPal). SPME
extracts were desorbed in a GC injector at 250 ◦C for 1 min. Post-desorption, the fiber was
cleaned at 230 ◦C for 10 min using the SPME Fiber Cleaning and Conditioning Station.
The relative volatile profile of cheese samples was determined by GC-MS (GC 7890B–MS
5977A; Agilent Technologies Inc., Santa Clara, CA, USA), equipped with a DB–WAXms
column (30 m × 0.32 mm × 0.25 μm; Agilent Technologies Inc., Santa Clara, CA, USA)
and operating with a previously reported temperature program and MS conditions [17].
The identification of compounds was carried out by comparing the mass spectra (over
80% match) with a commercial database NIST®2017 and the Wiley library. The relative
content of the determined compounds was calculated by dividing the individual peak area
by the total area of all peaks. Peaks under 1% were not counted. The analysis was repeated
three times for each sample (n = 48; two sources of milk × two kinds of cheese × two
storage periods × two series of production × threefold analysis).

2.5. Analysis of Physical Properties

The cheese color was determined as previously described [18], using a Konica Minolta
CM-3500d spectrophotometer (Konica Minolta Sensing Inc., Osaka, Japan) in reflectance
mode under the illuminant D65/10◦. The following parameters in the CIE L* a* b* system
were determined: L*—lightness (from 0—”black” to 100—”white”), a* coordinate—from
greenness (negative values) to redness (positive values), and b* coordinate—from blueness
(negative values) to yellowness (positive values). Additionally, h◦—hue angle and C*—chroma
(saturation) were calculated. All cheese samples were cut into four cubes with a side length
of 2 cm and the color was determined twice (n = 128; two sources of milk × two kinds of
cheese × two storage periods × two series of production × four cubes × two repetitions).
Each sample’s temperature was adjusted to 20 ◦C before conducting measurements.
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Additionally, the total color difference value (ΔE) was calculated using the following
equation (Equation (1)):

ΔE =

√
(ΔL∗)2 + (Δa∗)2 + (Δb∗)2 (1)

where ΔL*, Δa*, and Δb* are the differences between the color value parameters of the
compared cheeses. The interpretation of ΔE was as follows: ΔE < 1 means that the color
differences could not be perceived by the human eye, values of ΔE within the range of 1–3
mean that minor color differences could be detected by the human eye, while ΔE > 3 means
that color differences could be easily noticed by the human eye [19].

Instrumental texture profile analysis (TPA) was performed, as previously described [20],
using a Universal Texture Analyser TA-XTPlus (Stable Micro Systems, Surrey, UK), con-
trolled by a computer. Each cheese sample was cut into four cubes with a side length of
2 cm (n = 64; two sources of milk × two kinds of cheese × two storage periods × two
series of production × four cubes). Their temperature was adjusted to approximately 20 ◦C.
Compression at 60% deformation of the baseline sample height was carried out at a test
speed of 1 mm/s. The test was conducted using a cylindrical compression plate 10 cm in
diameter and 1 cm in height (P/100). All samples were compressed in two consecutive
compression cycles. The obtained diagrams of the force dependence on time were analyzed
using Texture Expert for Windows v. 1.05 (Stable Micro Systems, Surrey, UK). The Fracture
TPA algorithm was applied, which allowed assignment of measures for the hardness,
adhesiveness, springiness, cohesiveness, and chewiness of the cheeses.

2.6. Statistical Analysis

Analyses were performed in duplicate, unless otherwise stated. The obtained results,
except for volatile compound determination, were statistically analyzed using Statistica
version 13.3 (TIBCO Software Inc., Palo Alto, CA, USA). Means and standard deviations
were calculated. Two-way ANOVA was applied for the results of the basic chemical
composition and sensory quality assessment. The independent variables were milk source
and wild garlic addition. Moreover, the results for water content, pH, water activity,
color, and textural evaluation were subjected to three-way ANOVA. The third independent
variable was storage duration. The null hypothesis was discarded for p ≤ 0.05 in all
statistical analyses.

The results obtained during analysis of volatiles, using an e-nose (compounds with a
discriminant > 0.900 were selected), were subjected to PCA (principal component analysis,
Alpha M.O.S.) using Alpha Soft V14 software (Alpha M.O.S.).

3. Results and Discussion

3.1. Chemical Composition, Acidity, and Water Activity of Cheese

The basic chemical composition of the fresh cheeses is given in Table 1. A significant
interaction (p ≤ 0.05) between the effects was only found for fat content. Milk source had a
significant effect on fat (p ≤ 0.001) and NaCl (p ≤ 0.05) contents, while wild garlic addition
affected the amount of protein (p ≤ 0.001) and ash (p ≤ 0.05). HF cheeses contained more
fat and NaCl than RP ones. Nevertheless, the differences, although statistically significant,
were somewhat small. Cheeses with wild garlic demonstrated higher protein and ash
contents than cheeses without herbs. Likewise, a higher ash content due to wild garlic
addition was previously reported in herby pickled cheese, and it was concluded that this
herb is an important source of mineral matter [2].
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Table 1. Basic chemical composition, acidity, and water activity of cheeses (mean ± SD).

Feature

Storage
Time

(Weeks)

Milk Source p-Value
HF RP

N H N H S A T

Water content (%)
0 53.5 ± 1.3 47.2 ± 1.9 58.2 ± 2.3 51.5 ± 3.0

NS *** NS2 56.3 ± 1.3 47.1 ± 10.1 57.4 ± 1.8 48.5 ± 3.7

pH 0 4.5 ± 0.2 4.6 ± 0.2 4.7 ± 0.1 4.5 ± 0.0
NS NS NS2 4.8 ± 0.6 4.4 ± 0.2 4.5 ± 0.1 4.6 ± 0.1

Water activity 0 0.95 ± 0.03 0.94 ± 0.02 0.92 ± 0.00 0.93 ± 0.02
NS NS NS2 0.94 ± 0.02 0.94 ± 0.02 0.95 ± 0.03 0.95 ± 0.03

Fat content (%) 0 24.8 ± 2.1 26.4 ± 2.5 24.1 ± 1.8 21.1 ± 0.9 *** NS ne
Protein content (%) 0 18.8 ± 1.6 23.4 ± 1.9 18.5 ± 2.3 21.2 ± 1.5 NS *** ne

Ash content (%) 0 2.32 ± 0.27 2.63 ± 0.31 2.23 ± 0.05 2.57 ± 0.23 NS * ne
NaCl content (%) 0 0.6 ± 0.2 0.7 ± 0.1 0.5 ± 0.1 0.4 ± 0.2 * NS ne

Abbreviations: HF—cheese from Polish Holstein-Friesian breed Black-and-White type milk; RP—cheese from
Polish Red breed milk; 0—fresh samples; 2—samples stored for 2 weeks at 4 ◦C; N—cheese with no wild garlic
addition; H—cheese with wild garlic; S—breed effect; A—wild garlic addition effect; T—storage duration effect;
ne—not examined. * p ≤ 0.05; *** p ≤ 0.001; NS: p > 0.05. Significant interaction (p ≤ 0.05): S×A for fat content.
Values are expressed as the mean of four determinations (two series of production × two repetitions) ± standard
deviation (SD).

The water content, acidity, and water activity of cheeses during storage is presented in
Table 1. Neither milk source nor storage duration had any significant effects on the water
content, pH, or water activity. The addition of wild garlic only had an influence on water
content (p ≤ 0.001), causing its decrease. No significant interactions were found between
the effects.

The decrease in water content of the cheese with wild garlic was expected. In general,
dried leaves of herbs are characterized by high dry matter contents. Thus, the incorporation
of wild garlic caused an increase in the dry matter content of the cheeses examined in this
study. Likewise, Gliguem et al. [21] reported the higher dry matter content of double cream
cheese supplemented with Allium roseum, in comparison to the control. Moreover, mixing
the cheese curd with wild garlic leaves, although gently performed, could have promoted
whey release. Nevertheless, there was no whey release during refrigerated storage.

3.2. Sensory Quality of Cheese

In Table 2, the results of the sensory quality assessment are presented for the fresh
cheeses on a five-point scale. No significant interactions were found between effects. Milk
source only had significant effects on the smell and overall quality (p ≤ 0.05). The smell was
more desirable in the HF than in RP cheeses. Moreover, the HF cheese was characterized by
a better overall quality than that made from RP milk. This was most likely a consequence
of the significantly higher grades for smell appointed to the HF cheese by the panelists.
The addition of wild garlic had no significant influence on the sensory features assessed
using the five-point scale. Photos of the obtained cheeses are presented in Figure S1.

It is advantageous that the addition of wild garlic did not compromise the sensory
quality of the cheese. Furthermore, cheese containing herbs can exhibit a rancid, too sour,
too pungent, and/or unidentified bitter taste, causing low overall acceptability [22].

The discriminant intensity of the fresh cheese’s taste and smell is demonstrated in
Table 2. No significant interactions were found between effects. Milk source did not affect
any of the features (p > 0.05). On the other hand the addition of wild garlic influenced a
lot of the flavor characteristics. Obviously, a herbal taste and smell were imperceptible in
the natural cheeses and intense in those with wild garlic (p ≤ 0.001). Moreover, milky and
sour tastes, as well as smell, were significantly more pronounced in the natural cheeses.
Furthermore, cheeses containing wild garlic were characterized by a more intense piquant
taste (p ≤ 0.001).
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Table 2. Sensory quality of cheeses (mean ± SD).

Feature

Milk Source p-Value
HF RP

N H N H S A

Sensory quality of cheeses on a five-point scale

Color 4.91 ± 0.20 4.81 ± 0.36 4.63 ± 0.62 4.66 ± 0.60 NS NS
Appearance 4.56 ± 0.54 4.69 ± 0.48 4.41 ± 0.61 4.34 ± 0.57 NS NS

Texture 4.53 ± 0.62 4.63 ± 0.43 4.38 ± 0.56 4.31 ± 0.44 NS NS
Taste 4.59 ± 0.46 4.66 ± 0.44 4.53 ± 0.62 4.66 ± 0.44 NS NS
Smell 4.75 ± 0.37 4.84 ± 0.35 4.41 ± 0.61 4.53 ± 0.59 * NS

Overall quality 4.66 ± 0.27 4.73 ± 0.23 4.47 ± 0.43 4.51 ± 0.33 * NS

Discriminant intensity of cheese taste and smell

Milky taste 3.25 ± 1.39 2.47 ± 1.77 3.19 ± 1.11 2.06 ± 1.06 NS ***
Sour taste 2.81 ± 1.11 2.09 ± 1.10 3.25 ± 1.00 2.31 ± 0.95 NS ***

Herbal taste 0.00 ± 0.00 4.19 ± 0.68 0.00 ± 0.00 4.06 ± 0.93 NS ***
Bitter taste 0.47 ± 0.88 0.75 ± 0.68 0.63 ± 1.02 1.00 ± 1.03 NS NS

Piquant taste 0.31 ± 0.60 2.22 ± 1.48 0.50 ± 0.89 1.94 ± 1.53 NS ***
Salty taste 2.94 ± 0.98 2.69 ± 0.95 2.56 ± 0.96 2.56 ± 0.89 NS NS

Pleasant taste 4.44 ± 0.73 4.47 ± 0.56 4.25 ± 0.77 4.19 ± 0.66 NS NS
Milky smell 3.25 ± 1.34 1.94 ± 1.69 3.31 ± 1.01 1.94 ± 1.18 NS ***
Sour smell 2.50 ± 1.21 2.16 ± 1.21 2.81 ± 1.38 1.81 ± 1.11 NS *

Herbal smell 0.00 ± 0.00 4.41 ± 0.71 0.00 ± 0.00 4.25 ± 1.18 NS ***
Pleasant smell 4.53 ± 0.62 4.44 ± 0.81 4.19 ± 0.83 4.44 ± 0.73 NS NS

Abbreviations: HF—cheese from Polish Holstein-Friesian breed Black-and-White type milk; RP—cheese from Pol-
ish Red breed milk; N—cheese with no wild garlic addition; H—cheese with wild garlic; S—breed effect; A—wild
garlic addition effect. * p ≤ 0.05; *** p ≤ 0.001; NS: p > 0.05. No significant interactions were found between effects
(p > 0.05). Values are expressed as the mean of sixteen determinations (two series of production × eight panelists)
± standard deviation (SD).

A milky and sour flavor is typical for fresh soft rennet-curd cheese. A lower intensity
of these taste and smell discriminants in the H compared to N cheese could have been
caused by the intense herbal flavor. Likewise a spicy hint was more pronounced in the
double cream cheeses with Allium roseum in comparison to the plain one [21].

3.3. Volatile Compounds in Cheese

Fresh samples of RP cheese without the addition of wild garlic (RP0N) were not
significantly different (positive PC1 and PC2 axis scores) compared to the stored RP2N
samples (Figure 1). On the contrary, fresh samples made from RP milk with the addition
of wild garlic (RP0H) (positive PC1 and PC2 axis scores) had significantly different aroma
profiles than the samples stored at 4 ◦C for 2 weeks. In this case, RP cheese with wild garlic
made in two production series had significantly different aroma profiles following storage.
The samples from the first series had an aroma profile within the positive PC1 axis score
and negative PC2 axis score. In contrast, the samples from the second series had an aroma
profile within the negative PC1 and positive PC2 axis scores.

Fresh samples of HF cheese without the addition of wild garlic (positive PC1 and PC2
axis scores) were significantly different from the stored ones (negative PC1 and positive
PC2 axis scores). Samples of HF cheeses containing wild garlic (HF0H) had similar aromatic
profiles (positive PC1 axis score 68.2%), which were significantly different from the HF2H
samples of stored HF cheeses (negative PC1 and PC2 axis scores).
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Figure 1. PCA of the cheese aromatic profile. Abbreviations: HF—cheese from Polish Holstein-
Friesian breed Black-and-White type milk (gray); RP—cheese from Polish Red breed milk (black);
0—fresh samples; 2—samples stored for 2 weeks at 4 ◦C; N—cheese with no wild garlic addition;
H—cheese with wild garlic.

The volatile compounds in fresh cheese samples determined using an electronic nose
and HS–SPME GC/MS are listed with their sensory descriptors in Table 3. The sensory
descriptors are from the AroChemBase database (Alpha M.O.S., Toulouse, France) or The
Good Scents Company Information System [23]. The obtained results enabled the indication
of volatile compounds, the presence of which was related to the addition of wild garlic.
These were allyl (E)-1-propenyl disulfide ((E)-1-propenyl 2-propenyl disulfide), diallyl
disulfide (di-2-propenyl disulfide), and allyl methyl disulfide (methyl 2-propenyl disulfide).
These sulfur compounds were previously determined in essential oils isolated from Allium
ursinum L. leaves [4]. Moreover, other compounds, such as 3-heptanol, 3-methyl butanal,
isoamyl acetate, 3-methyl butanoic acid, propanoic acid, heptanoic acid, α-pinene, and
2,3-dimethyl pyrazine were only determined in cheese samples with the addition of wild
garlic. However, these volatiles are common in many types of cheeses not containing any
herbs [24–28].

Table 3. Volatile organic compounds in fresh cheese samples determined using an electronic nose
with D > 0.9500 and via HS–SPME GC/MS.

Compounds
Determination

Method
Sensory Descriptors 1 HF

N
HF
H

RP
N

RP
H

Alcohols

2-propanol e-nose alcoholic, ethereal + + + +

2-methyl-propanol e-nose alcoholic, bitter, chemical,
glue, leek, licorice, solvent + + + +

2,3-butanediol HS–SPME GC/MS fruity, onion +
3-heptanol e-nose green, herbaceous + +
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Table 3. Cont.

Compounds
Determination

Method
Sensory Descriptors 1 HF

N
HF
H

RP
N

RP
H

Aldehydes

acetaldehyde e-nose ethereal, fresh, fruity, pungent + + + +

propanal e-nose ethereal, plastic, pungent,
solvent + + + +

2-methyl propanal e-nose burnt, fruity, green, malty,
pungent, spicy, toasted + + + +

3-methyl butanal e-nose almond, fruity, green,
herbaceous, malty, toasted +

benzaldehyde HS–SPME GC/MS almond, burnt sugar, fruity,
woody + +

Ketones
2,3-butanedione e-nose and

HS–SPME GC/MS
butter, caramelized, creamy,

fruity, pineapple, spirit +/+ +/+ +/+ +/+

3-hydroxy-2-butanone HS–SPME GC/MS sweet buttery creamy, dairy,
milky, fatty + + + +

Esters

ethyl acetate e-nose

acidic, caramelized, fruity,
pineapple, solvent, butter,
ethereal, orange, pungent,

sweet

+ + +

ethyl acrylate e-nose fruity + + + +
ethyl isobutyrate e-nose fruity, rubber, strawberry, sweet + + +
ethyl propanoate e-nose acetone, fruity, solvent + + + +
isoamyl acetate e-nose banana, fresh, fruity, pear, sweet + +

α-terpineol acetate HS–SPME GC/MS - + +

Free fatty
acids

2-methyl propanoic acid e-nose acidic, butter, cheese, fatty,
phenolic, rancid, sweaty + + + +

3-methyl butanoic acid e-nose acidic, cheese, rancid, sweaty + +

acetic acid e-nose and
HS–SPME GC/MS acidic, pungent, sour, vinegar + +/+ +/+ +/+

propanoic acid e-nose acidic, pungent, rancid, soy +

butanoic acid e-nose and
HS–SPME GC/MS butter, cheese, rancid, sweaty +/+ +/+ +/+ +/+

hexanoic acid HS–SPME GC/MS cheese, fatty, goat, pungent,
rancid, sweaty + + + +

heptanoic acid HS–SPME GC/MS cheese, fatty, rancid, sour-sweat +

octanoic acid HS–SPME GC/MS cheese, fatty, fatty acid, fresh,
mossy, sweaty + + + +

Sulfur
compounds

allyl (E)-1-propenyl
disulfide HS–SPME GC/MS sulfurous, alliaceous + +

diallyl disulfide HS–SPME GC/MS alliaceous, onion, garlic,
metallic + +

allyl methyl disulfide HS–SPME GC/MS alliaceous, onion, garlic, green
onion + +

Terpenes D-limonene HS–SPME GC/MS citrus, fruity, minty, orange,
peely + + +

α-pinene e-nose pine, terpenic + +
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Table 3. Cont.

Compounds
Determination

Method
Sensory Descriptors 1 HF

N
HF
H

RP
N

RP
H

Furans dihydro-2,2-dimethyl-5-
phenyl-3(2H)-furanone HS–SPME GC/MS - + + +

Pyrazines 2,3-dimethyl pyrazine e-nose
baked, cocoa, coffee, nutty,

caramelized, meaty,
peanut, butter

+ +

Hydrocarbons 6-methyl-octadecane HS–SPME GC/MS - + +

Oxime methoxy-phenyl-oxime HS–SPME GC/MS - + + + +
1 Sensory descriptors are from the AroChemBase database (Alpha M.O.S., Toulouse, France) or The Good Scents
Company Information System [23]. Abbreviations: HF—cheese from Polish Holstein-Friesian breed Black-and-
White type milk; RP—cheese from Polish Red breed milk; N—cheese with no wild garlic addition; H—cheese
with wild garlic. “+” means that the compound was detected.

Significant differences (PCA) in aromatic profiles were confirmed between the fresh N
cheeses made from cow milk of the RP breed (PC1 axis positive score) and the HF breed
(PC1 axis negative score) (Figure 2). These profiles were different regarding the presence
of four compounds: 2,3-butanediol and ethyl isobutyrate were detected in RP but absent
in the HF cheese; while ethyl acetate and dihydro-2,2-dimethyl-5-phenyl-3(2H)-furanone
were identified in HF but were not present in the RP cheese (Table 3).

Figure 2. Aromatic profile PCA of fresh natural cheeses from Polish Holstein-Friesian breed Black-
and-White type milk and from Polish Red breed milk. Abbreviations: HF—cheese from Polish
Holstein-Friesian breed Black-and-White type milk (gray); RP—cheese from Polish Red breed milk
(black); 0—fresh samples; N—cheeses with no wild garlic addition.

Both the source of cow milk and storage duration had a significant influence on the
volatile compound profiles in N and H cheeses. The volatile pattern of milk used for cheese
manufacturing could have been one of the possible reasons for the influence of the milk
source. This depends on the animal breed, age, stage of lactation, and diet (which was
different for the HF and RP cows, although the research was conducted during the same
season) [29,30]. Moreover, storage duration typically influences the volatile profile in dairy
products, such as e.g., fresh goat cheese and yoghurt [31].
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3.4. Physical Properties of Cheese

The color parameters of the fresh and stored cheeses are presented in Table 4. Milk
source influenced almost all of them (p ≤ 0.001), with the exception of L*. The addition
of wild garlic affected all parameters (p ≤ 0.001). L* and a* values were stable during
storage; however, the b* and C* values increased (p ≤ 0.001), while the hue angle decreased
(p ≤ 0.01), after two weeks of refrigeration.

Table 4. Color and textural parameters of the cheeses (mean ± SD).

Feature

Storage
Duration
(Weeks)

Milk Source
p-ValueHF RP

N H N H S A T

Color parameters

L*
0 85.43 ± 3.04 74.10 ± 5.23 83.46 ± 2.59 73.92 ± 6.32

NS *** NS2 83.68 ± 1.79 73.78 ± 7.53 84.38 ± 2.05 73.82 ± 5.17

a*
0 −0.26 ± 0.45 −2.19 ± 0.67 0.63 ± 0.20 −1.06 ± 0.63

*** *** NS2 −0.09 ± 0.40 −1.79 ± 0.77 0.67 ± 0.15 −1.00 ± 0.44

b*
0 11.78 ± 2.44 13.23 ± 2.38 14.71 ± 1.61 15.34 ± 1.66

*** *** ***2 12.91 ± 1.59 14.59 ± 2.02 15.06 ± 1.53 15.99 ± 1.25

h
0 91.72 ± 2.45 100.07 ± 4.35 87.64 ± 0.64 94.07 ± 2.53

*** *** **2 90.58 ± 1.86 97.38 ± 3.85 87.55 ± 0.54 93.62 ± 1.57

C*
0 11.79 ± 2.42 13.44 ± 2.25 14.71 ± 1.61 15.39 ± 1.63

*** *** ***2 12.91 ± 1.59 14.73 ± 1.94 15.07 ± 1.53 16.03 ± 1.23

Textural parameters

Hardness (kG)
0 2.18 ± 0.21 3.51 ± 0.50 3.06 ± 0.71 4.40 ± 0.58

*** *** NS2 2.14 ± 0.37 2.96 ± 0.47 3.07 ± 0.44 4.08 ± 0.39
Adhesiveness

(|kG × s|)
0 0.12 ± 0.05 0.07 ± 0.05 0.13 ± 0.08 0.12 ± 0.08

*** *** NS2 0.12 ± 0.03 0.11 ± 0.06 0.21 ± 0.10 0.13 ± 0.06

Springiness (-) 0 0.79 ± 0.06 0.61 ± 0.04 0.65 ± 0.16 0.59 ± 0.12
NS *** *2 0.64 ± 0.08 0.55 ± 0.05 0.71 ± 0.07 0.53 ± 0.05

Cohesiveness (-)
0 0.23 ± 0.03 0.21 ± 0.02 0.24 ± 0.12 0.25 ± 0.12

NS NS ***2 0.19 ± 0.02 0.17 ± 0.01 0.18 ± 0.01 0.16 ± 0.04

Chewiness (kG)
0 0.40 ± 0.05 0.44 ± 0.09 0.44 ± 0.14 0.60 ± 0.13

*** * ***2 0.25 ± 0.07 0.28 ± 0.06 0.38 ± 0.07 0.34 ± 0.06

Abbreviations: HF—cheese from Polish Holstein-Friesian breed Black-and-White type milk; RP—cheese from
Polish Red breed milk; 0—fresh samples; 2—samples stored for 2 weeks at 4 ◦C; N—cheese with no wild garlic
addition; H—cheese with wild garlic; S—breed effect; A—wild garlic addition effect; T—storage duration effect.
* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; NS: p > 0.05. Significant interactions (p ≤ 0.05): S×T and S×A×T for springi-
ness, A×T for chewiness. Values of color parameters are expressed as the mean of sixteen determinations (two
series of production × four cubes × two repetitions) ± standard deviation (SD). Values of textural parameters are
expressed as the mean of eight determinations (two series of production × four cubes) ± standard deviation (SD).

HF cheeses were more greenish and less yellowish than the RP ones. The red color
coordinate prevailed over the green one in RP cheeses without wild garlic. Moreover, HF
cheeses were characterized by a higher hue angle of approximately 90.58–100.07◦, which
is between the range of yellow (90◦) and green (180◦). Wild garlic addition triggered a
lowering of L* values and made the cheeses more greenish and yellowish. Likewise, a
decrease of L* and increase in the green color saturation were observed in a pickled cheese,
due to herb addition [2].

RP cheeses had a higher color saturation intensity than HF ones, and the addition of
wild garlic was associated with an increase in the value of this parameter. The chroma value
also increased during the storage of cheeses. These differences were statistically significant;
however, taking the general C* range from 0 to 60 into, they were somewhat small.

The calculation of ΔE demonstrated that the fresh N HF cheeses showed a clear
color difference when compared to the fresh N RP samples (ΔE = 3.64). Notwithstanding,
the total color difference between the cheeses after storage was within the range of 1–3
(ΔE = 2.39), meaning that only minor color differences could be detected by the human eye.
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Similarly, the comparison between the fresh and stored HF cheeses (separately for N and
H) revealed that the ΔE was between 1 and 3 (2.09 and 1.46, respectively). In comparison,
storage did not trigger a noticeable color change in N and H RP cheeses (ΔE equaled 0.98
and 0.66, respectively).

The textural parameters of the fresh and stored cheeses are presented in Table 4. Milk
source and wild garlic addition affected the hardness and adhesiveness (p ≤ 0.001), as
well as the chewiness (p ≤ 0.001 and p ≤ 0.05, respectively). Furthermore, the addition of
herbs influenced the springiness of cheeses (p ≤ 0.001). The hardness and adhesiveness did
not change during the storage period; while the springiness, cohesiveness, and chewiness
experienced a decrease (p ≤ 0.05, p ≤ 0.001 and p ≤ 0.001, respectively).

HF cheeses were characterized by a lower hardness, adhesiveness, and chewiness than
the RP ones. The addition of wild garlic resulted in an increase in hardness and chewiness.
It also triggered a decrease in the adhesiveness and springiness.

A higher hardness noted in RP cheese, compared to HF, was probably caused by their
lower fat content (Table 1). In general, fat reduction is related to an increase in hardness [32].
Moreover, the lower hardness of the N compared to H cheeses was most likely influenced
by the water content, which was higher in the N cheeses (Table 1), making them softer.
Likewise, the lower springiness value of the H cheeses in comparison to those from the N
group was probably caused by the lower water content. H cheese samples crumbled during
TPA. Differences in the chewiness values were the result of multiplying the hardness by
springiness and by the cohesiveness [32].

4. Conclusions

To the best of our knowledge, fresh soft rennet-curd cow milk cheese with wild garlic
leaves has not previously been investigated. The research conducted allowed demonstrat-
ing that the source of cow milk (cow breed), wild garlic addition, and storage duration
significantly influenced various cheese characteristics. The addition of wild garlic leaves
has a positive influence on the quality of soft cow milk rennet-curd cheese. It results in
the enrichment of the volatile compound profile of cheese, making its taste and smell less
milky and sour, while modifying its color and textural properties, which, at the same time,
does not adversely affect the sensory assessment of the color, appearance, texture, smell, or
taste of cheese with herbs. Therefore, wild garlic leaves can be recommended as an additive
in the production of soft cow milk rennet-curd cheese, regardless of the cow milk source
(HF or RP).
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in sensory analysis using a 5-point scale.
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