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ABSTRACT: This study explored the potential to improve the
storage quality and prolong the shelf life of truffles by storing them
in a modified atmosphere fresh-keeping box with sealed gas
components of Active Modified Atmosphere Packaging (AMAP,
40% O2 + 60% CO2) at 4 °C. During the storage period, a total of
63 volatile components in 10 categories were detected, with
aldehydes being the most abundant and the relative content of
ethers being the highest. The relative odor activity value and
principal component analysis revealed that isovaleraldehyde, 1-
octen-3-ol, 1-octen-3-one, and dimethyl sulfide were the character-
istic flavor components of fresh truffles. However, 3-methylthio-
propionaldehyde and (E, E)-2,4-nonadienal were the components
that caused the deterioration of truffle flavor and could potentially
serve as markers of truffle decay characteristics. 16S rDNA high-throughput sequencing showed that Leuconostoc and Lactococcus
were dominant in the truffle samples stored for 14 days, but the abundance of putrefactive pathogenic bacteria showed an increasing
trend in the truffle samples stored for 28 days. During the whole storage period, the common fungi detected in the different
treatment groups were Candida and Aspergillus. The relative abundance of the former decreased, while the relative abundance of the
latter decreased initially and then increased. The correlation between volatile components and the microbial flora was further
analyzed, which indicated that Lactococcus and Lactobacillus had the same contributions to the same flavor, while Pseudomonas and
Glutamicibacter had the opposite contributions to the same flavor. The results provide a reference for the storage and preservation of
truffles.

1. INTRODUCTION
Truffles (Tuber spp.) belong to the phylum Ascomycete, the
order Pezizales, and the family Tuberaceae. Approximately 180
species of truffle have been identified in the world.1 The most
famous species, such as T. melanosporum and T. magnatum,
with a market price of 500−5000 euros/kg, enjoy the
international reputation of a “black diamond” and “under-
ground gold”.2 China is rich in wild black truffle resources,
accounting for approximately half of the total output of wild
black truffles in the world. The main varieties include Chinese
summer truffle (T. sinoaestivum), false Himalayan truffle (T.
pseudohimalayense), Panzhihua white truffle (T. panzhihua-
nese), Yunnan black truffle (T. melanosporum), Indian truffle
(T. indicum), and false sunken truffle (T. pseudoexcavatum).3

Truffle has a strong aroma, contains a variety of volatile
metabolites, and is widely welcomed by consumers. In
addition, truffles contain rich nutritional active ingredients
and exert certain antioxidant, anti-inflammatory, antitumor,
and other effects. However, at present, the storage and
preservation technology of wild truffles lags, resulting in short

shelf life of truffles and a deterioration in the quality of truffles,
such as texture changes, aroma loss, and nutrient degradation,
will occur to different degrees during the storage process. The
loss caused by improper preservation methods is up to 30%.4

Bellesia et al. found that the concentration of sulfur-containing
volatiles (thiophene derivatives) in the fruiting body of T.
borchii was almost unchanged when stored at 0 °C; however,
when the storage temperature was 25 °C, the concentration of
thiophene derivatives increased in a few weeks.4 According to
Strojnik et al.,5 the content of volatile organic compounds
(VOCs) in fresh truffle nigra stored at 4 °C for 7 days changed
little compared with that before storage, while dimethyl sulfide
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and 3-methylbutanol were no longer detected. Feng et al.6

reported that vacuum freeze-drying increased the types of
alcohols, phenols, ketones, and nitrogen- and sulfur-containing
substances in truffles. Based on an OAV (odor activity value
(oAV) calculation, 46 substances in dried truffles had OAVs
greater than 1, while only 20 substances in fresh truffles had
OAVs greater than 1, indicating that the aroma composition of
dried truffles was more complex than that of fresh truffles, and
the smell was also more intense. Cullere ́ et al.7 showed that the
contents of diacetyl, 1-octen-3-one, 1-octen-3-alcohol, 2-
methylisobornyl, and dimethyl trisulfide in truffles increased
only after 24 h of freezing (independent of temperature), while
the contents of isoamyl alcohol, ethyl-3-methylbutyrate, and
methyl mercaptan decreased. Researchers speculated that the
changes in these compounds may be related to the destruction
of truffle tissue or the degradation of related enzymes caused
by long-term freezing.

To date, studies have used low temperatures,8 controlled
atmospheres,9 irradiation,10 and preservatives11 for truffle
preservation, but some chemical preservatives cause environ-
mental pollution and exert toxic side effects.12 Guo et al.13

found that O2/CO2 active spontaneous controlled atmosphere
storage has unique advantages in the preservation of fruits and
vegetables.13 Through the combined action of O2 and CO2, a
high concentration of CO2 inhibits the respiratory intensity of
fruits and vegetables, while a high concentration of O2
alleviates the odor and physiological toxicity caused by
anaerobic metabolism. In terms of microbial prevention and
control, active spontaneous O2/CO2 gas regulation may
increase the release of spore contents by destroying the
integrity of cell membranes and ultimately weaken the
environmental adaptability and pathogenic ability of molds,
thus inhibiting the ability of molds to invade fruits and
vegetables.14 Jiang et al.15 showed that 40% O2 + 60% CO2
modified atmosphere packaging at 4 °C could delay the
respiratory peak of Indian truffle (T. indicum) to 21 days,
effectively reducing the loss of nutrients and extending its shelf
life to 28 days. The modified atmosphere treatment potentially
reduced the damage to the cell wall membrane caused by
cellulase and malondialdehyde, and the microstructure of the
truffle fruiting body remained intact and full, thus maintaining
normal physiological activities.

The number of bacteria on the surface and inside the truffle
fruiting body ranges from 107 to 108 CFU/g.16 These bacteria
are derived from soil, host plants, and the surrounding
environment,17 mainly including Proteobacteria,18 Actino-
bacteria,19 Bacteroides,20 and Firmicutes.21 Monitoring the
dynamic change in the microbial community on the surface of
truffles has important guiding significance for the evaluation of
the freshness-keeping effect of truffles after harvest. According
to Vandatzadeh et al.,22 the dominant fungi characterized on
fresh truffle (α-Proteobacteria, β-Proteobacteria, and Sphingo-
bacteria classes) are gradually corrupted by bacteria (γ-
Proteobacteria and Bacilli classes) after nine d of storage at
room temperature. In addition to participating in the
development and maturation of fruiting bodies, the bacteria
in truffles also promote the growth of truffles and prevent the
establishment of harmful microorganisms. However, the
dynamic changes in surface flora in the postharvest fresh-
keeping stage of truffle are unknown.

This study intends to study the dynamic changes in volatile
components of truffles in different stages of controlled
atmosphere storage at 4 °C in cooperation with 40% O2 +

60% CO2 using HS-HPME-GC−MS and screen the character-
istic markers of spoilage. 16S rDNA and ITS high-throughput
sequencing were used to analyze the microbial community
structure on the surface of truffle fruit bodies, and the
correlations between volatile substances and microbial
communities were analyzed by calculating Spearman’s
correlation coefficients, providing a reference to further reveal
the biological function of the characteristic aroma substances
regulated by bacteria on the surface of truffle during storage.
This study provides technical support for the safe storage and
preservation of truffles.

2. MATERIALS AND METHODS
2.1. Raw Materials and Pretreatment. In January 2021,

the fruiting body of T. indicum (S grade specification: 2 cm <
the maximum diameter of the ascocarp <3 cm, weight ≥3 g)
was collected in the natural truffle-producing area of Panzhihua
City, Sichuan Province, by manual excavation and immediately
placed in an ice bag in a low-temperature box for temporary
storage and quickly transported to the laboratory of Chengdu
University for treatment. Using the truffle decontamination
procedure described by Rivera et al.,23 with the only difference
that the selection of truffle maturity is increased (the surface of
the ascocarp is light brown−black to tea-brown black; the cut
flesh is tea-brown to black, and 80−90% has marbling),
precooling at 4 °C for 1 day was shortened to 12 h. Then, the
truffle sample was weighed and placed in a PP fresh-keeping
box (22 × 13 × 4 cm, weighing 20 g) (Zhucheng Wanrui
Plastic Co., Ltd., China) with a loading capacity of 1/4 and a
layer of moisture-absorbing paper at the bottom and inflated
with a MAP-JY260 modified atmosphere packaging machine
(Shanghai Jiyi Machinery Co., Ltd.).

The gas regulation procedure was as follows: the gas
regulation ratio was 40% O2 + 60% CO2, the pumping time
was 4.00 s, the inflation time was 4.00 s, the heat-sealing time
was 2.00 s, the heat-sealing temperature was 152 °C, and a
double-layer 0.02 mm PE film was used for sealing (Shenzhen
HSBC Packaging Technology Co., Ltd.). The storage temper-
ature was 4 °C, and the fresh-keeping box was placed in cold
storage with a relative humidity of 90−95%. The weight of
truffles in each fresh-keeping box was 300 ± 5.00 g, three
replicates (the same fresh-keeping box) were used at each
sampling point, and the total number of fresh-keeping boxes
was 3; namely, samples were collected at 0, 14, and 28 days of
storage for the volatile compounds analysis and 16S rDNA and
ITS analysis.
2.2. Extraction of Volatile Substances from Truffles.

The 75 μM CAR/PDMS extraction head (Supelco Company,
United States) was inserted into the gas chromatography
sample inlet and conditioned at 260 °C for 20 min. The truffle
sample was ground with a CQF-02C crusher (Zhejiang
Chaoqun Mechanical Equipment Co., Ltd.) through a 60-
mesh sieve, and 2.000 g were removed and transferred into a
20 mL headspace bottle that had been preheated at 55 °C for
10 min. Then, the extraction head was inserted into the
headspace bottle for extraction in a 60 °C water bath for 40
min. Afterward, the extraction head was inserted into the
sample inlet and desorbed at 260 °C for 2 min.

2.2.1. GC−MS Conditions. GC was performed using a
7890B-5977B gas chromatograph (Agilent Company, USA)
and HP-5MS capillary column (30 m × 0.25 mm, 0.25 μm).
The following conditions were used: the injection port
temperature was maintained at 260 °C, and the temperature
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program was initially 50 °C for 1 min, an increase to 160 °C at
a rate of 5 °C/min, hold for 0 min, an increase to 200 °C at r
rate of 10 °C/min, and hold for 0 min. Finally, the temperature
was increased to 280 °C at a rate of 15 °C/min, with hold for 5
min. He was used as the carrier gas; the column flow rate was 1
mL/min, and the nonsplit injection mode was used.

MS conditions included an EI ion source, energy of 70 eV,
temperature of 230 °C, four-stage rod temperature of 150 °C,
interface temperature of 280 °C, scanning range of 20−450
amu/s, and full scanning mode.

2.2.2. Determination of Key Volatile Substances during
Truffle Storage. The relative odor activity value (ROAV) was
used to evaluate the contribution of each volatile component
to the flavor of the truffle during different storage periods. The
volatile component with the largest contribution to the flavor
of the truffle sample was specified as having an ROAV of 100,
and the ROAV of other components was calculated using the
following formula:24

× ×C
C

T
T

ROAV 100i
i

istan

stan

Ci, the relative content of volatile components in the sample;
Cstan, the relative content of volatile substances with the
greatest contribution to the overall flavor of the sample; Ti, the
aroma threshold of each volatile component in the sample
(μg/kg); and Tstan is the aroma threshold of volatile substances
with the greatest contribution to the overall flavor of the
sample (μg/kg).

2.2.3. Evaluation of Aroma Characteristics. Based on the
calculated results for ROAV and the method described by
Wang et al.25, quantitative descriptive analysis (QDA) was
used to evaluate the sensory properties of truffles in different
storage periods. Ten food professionals were organized to form
an evaluation group after sensory training, such as smell and
taste. After a discussion on consistency, seven aroma
characteristic sensory words were selected: soil aroma,
mushroom flavor, flower and fruit flavors, green grass flavor,
hala flavor, and cooking flavor. The team members were
familiarized with the characteristics of each aroma and were
able to accurately identify the aroma and the strength it
represented. The samples in each storage period were cut into
0.5 cm thick slices and smelled. The sensory score ranged from
0 to 10 points (0 to 2 points = extremely weak or no, 3 to 5
points = average, 6 to 8 points = moderate, and 9 to 10 points
= prominent). The higher the score, the more prominent the
aroma. Finally, a radar chart depicting the average score of the
aroma was drawn.
2.3. Bacterial and Fungal Community Tests during

Storage. 2.3.1. Total DNA Extraction and PCR Amplifica-
tion. The truffles stored for 0, 14, and 28 days were collected,
and the total microbial DNA on the surface of the truffles was
extracted according to the instructions of the BIOMICS DNA
Microprep Kit (Zymo Research, USA). The 16S rDNA V4
region of bacteria was amplified using primers 515F (5′-
GTGYCAGCMGCGGTAA-3′) and 806R (5′-GAC-
TACHVGGGTWTCTAAT-3′),26 and the amplification pro-
cedure was predenaturation at 94 °C for 60 s; 30 cycles of
denaturation at 94 °C for 5 s, annealing at 54 °C for 30 s, and
extension at 72 °C for 30 s; and extension at 72 °C for 5 min.
Each sample was analyzed in three replicates with PCR
technology, and the PCR products were mixed in equal
amounts for subsequent database construction.27 Fungal

sequencing uses specific primers to amplify the ITS2 region,
and the primer sequences used for amplification were as
follows (5′-3′): ITS3 (5′-GATGAAGAACGYAGRAA-3′) and
ITS4 (5′-TCTCCGCTTATTGTGC-3′). The PCR procedure
was predenaturation at 94 °C for 1 min; 25−30 cycles of
denaturation at 94 °C for 20 s, annealing at 50 °C for 30 s, and
extension at 72 °C for 30 s; and an incubation at 72 °C for 5
min.28 The 50 μL reaction system (10× PCR Buffer for KOD-
Plus-Neo, 5 μL) was used. Each sample was analyzed in three
replicates using PCR technology, and the linear PCR products
were mixed in equal amounts for subsequent database
construction. The PCR product was mixed with 6× loading
buffer, and then the target fragment was detected by
electrophoresis on a 2% agarose gel. The samples passing the
test were recycled with the target strip, and the Zymoclean Gel
Recovery Kit (D4008) was used; samples were then quantified
with a Qubit 2.0 Fluorometer (Thermo Scientific). finally,
samples were mixed in equal molar weights.

2.3.2. Library Construction and 16S rDNA High-
Throughput Sequencing. PCR products in qualified target
bands were collected using the Zymoclean Gel Recovery Kit
(Zymo Research, USA), quantified with a Qubit 2.0
Fluorometer (Thermo Scientific, USA) and finally mixed in
equal molar amounts for detection. The NEBNext Ultra II
DNA Library Prep Kit for Illumina (New England BioLabs)
was used to build the library. PE250 sequencing was adopted,
and the HiSeq Rapid SBS Kit v2 sequencing kit (Illumina,
USA) was used for high-throughput sequencing.29

The NEBNext Ultra II DNA Library Prep Kit for Illumina
(NEB#E7645L) were used for library construction (New
England Biolabs, USA). Then, the constructed libraries were
sequenced by using the PE250 platform.
2.4. Data Processing. The scans and results for the

identification of the volatile components of truffles were
retrieved through the NIST/Filey computer spectrum library.
At the same time, by performing a manual analysis of the
spectrum, substances with positive and negative matching
degrees above 80% were selected for the qualitative analysis.
Excel 2016 software was used to process the data and draw a
Wayne diagram in the analysis of volatile components. TBtools
was used to draw a heatmap. Origin 2017 software was used to
conduct the principal component analysis and mapping.

FLASH was used to splice the double-ended sequences in
16S rDNA and ITS sequencing data and sequences from each
sample were separated from reads based on barcodes. Barcode
sequences were interpreted to obtain the original data, and
then, QIIME quality control was used to obtain effective data
tags. Usearch software was used to cluster the OTUs at a 97%
consistency level according to the UPARSE algorithm. The
sequence with the highest frequency of occurrence in each
OTU was selected as the representative sequence of the OTUs.
The UCLUST classification method and the SILVA database
were used for the annotation analysis,30 PyNAST was used for
multiple comparisons of the representative sequences, and the
R language was used to analyze the alpha diversity and
community composition. The correlations between the volatile
compounds of truffles and the top ten microbial populations of
the truffle body surface abundance were analyzed by
calculating the Pearson correlation coefficients using IBM
SPSS Statistics 26.0.
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3. RESULTS
3.1. Analysis of the Morphological Changes in Truffle

Appearance. As shown in Figure 1, the appearance of truffles

changed to varying degrees during storage, and the appearance
scores of each treatment group showed significant differences
after 7 days (p < 0.05). In particular, in the middle and late
storage periods (14−28 days), the control group mainly
showed a softening texture, blurred cross-section texture,
severe odor, stickiness, and a large number of molds. The
sensory score at 14 days had decreased to 20.5 points, and the
sample had completely lost its commodity value. However,
storage with 40% O2 + 60% CO2 produced good sensory
properties at 14 days. With the further extension of the storage
time, no colony growth was observed on the surface. The
AMAP treatment maintained a high level of sensory properties
throughout the storage period, along with the highest sensory
score, indicating that an appropriate modified atmosphere
treatment can effectively delay the sensory deterioration of
truffles.
3.2. Changes in the Types and Relative Contents of

Volatile Compounds. Sixty-three volatile substances in 10
categories were detected during the three storage periods
(Table 1), including 20 aldehydes, 12 alcohols, 5 ketones, 7
esters, 7 ethers, 2 furans, one olefin, one acid, and 9 others. At
0, 14, and 28 days of storage, 45, 48, and 48 volatile substances
were detected, respectively. Figure 2A shows that 34 types of
volatile substances were detected in each period, and four, five,
and ten unique volatile substances were detected at 0, 14, and
28 days, respectively, indicating that truffles were actively
spontaneously aerating. During storage, new volatile sub-
stances were produced. As shown in Figure 2B, the types of
furans, olefins, and other substances did not change; the types
of aldehydes and ketones increased initially and then
decreased; the types of alcohols increased at 14 and 28 days;
esters and ethers remained unchanged at 0 and 14 days but
increased at 28 days; the types of ethers remained unchanged
at 0 and 14 days but decreased at 28 days; and an acid species
appeared at 28 days. The relative contents of aldehydes,
alcohols, and ketones initially increased and then decreased
during the storage period; the relative contents of esters,
furans, and acids increased throughout the storage period; and
the relative contents of ethers and olefins during storage first
decreased and then increased. Taken together, AMAP storage
delayed the decay of aldehydes, alcohols, esters, furans, acids,
and olefins in truffles and slowed the increase in the levels of
ketones, ethers, and other substances.

3.3. Cluster Analysis of Volatile Compounds. The
relative content of each volatile substance was calculated as the
logarithm of base 10, processed into a heatmap, and a cluster
analysis was conducted to further clarify the changes in volatile
substances in postharvest truffles during storage, where the
columns represented samples from different storage periods.
The rows represent different volatile components, as shown in
Figure 2C. The types and relative contents of truffle volatile
substances were significantly different at different storage
periods. In terms of the clustering relationship, the volatile
substances of truffles stored at 0 and 14 days were the first to
cluster, indicating that the types and levels of volatile
substances in these two periods were similar. Regarding the
red and black areas, aldehydes, ethers, and other (benzene)
substances were the main substances detected after storage for
0 days; aldehydes, alcohols, ketones, and ethers were mainly
detected after storage for 14 days; aldehydes, alcohols, ethers,
and esters were the main substances observed. According to
these results, the relative contents of aldehydes, alcohols, and
ethers were higher than those of other substances throughout
the storage period, suggesting that they may play a more
important role in contributing to the flavor of truffles.

The aroma threshold of volatile components in water was
analyzed by calculating the ROAV, and the aroma threshold of
1-octen-3-one was the lowest, and the relative content during
storage was relatively high, indicating that 1-octen-3-one is an
active component. The component with the greatest
contribution to the flavor of truffles in each period during
spontaneous modified atmosphere storage was defined as
having a relative odor activity value (ROAV) of 100, while the
ROAV scores of other components ranged from 0 to 100.
According to the relative definition of the ROAV,24 the ROAV
of a substance ranging from 0.1 to 1 indicates that it has a
modification or coordination effect on the flavor of the sample,
and an ROAV between 1 and 100 indicates that this substance
is a key volatile substance in the sample, which has an
important contribution or a significant effect on the flavor. The
larger the ROAV is, the more obvious the effect. An ROAV
between 0.01 and 0.1 indicated that this substance may have a
potential contribution to the flavor of the sample. In this study,
volatile substances with ROAVs greater than 0.01 were
selected and are shown in Table 2.

During the entire storage period, seven types of volatile
substances with ROAVs between 1 and 100 were identified, 11
with values ranging from 0.1 to 1 and 10 with values ranging
from 0.01 to 0.1.

At 0 days of storage, the components with important
contributions to the flavor of truffles were isovaleraldehyde,
(E,E)-2,4-decadien-1-al, 1-octen-3-ol, 1-octen-3-one, and
dimethyl sulfide. The ingredients that potentially modified
the flavor of truffles were 2-methylbutyraldehyde, hexanal, 3-
(methylthio) propionaldehyde, benzaldehyde, octanal, (E)-2-
octenal, nonanal, decyl aldehyde, and (E,E)-2,4-nonadienal.

After 14 days of storage, the important components that
contributed to the flavor of truffles were isovaleraldehyde, 1-
octen-3-ol, 1-octen-3-one, and dimethyl sulfide. The ingre-
dients that modified the flavor of truffles were 2-methylbutyr-
aldehyde, hexanal, 3-(methylthio) propionaldehyde, octanal,
(E)-2-octenal, nonanal, 1-nonanal, decyl aldehyde, (E,E)-2,4-
nonadienal, and trans-2,4-decadienal.

After 28 days of storage, the components with important
contributions to the flavor of truffles were isovaleraldehyde, 3-
methylthiopropionaldehyde, (E,E)-2,4-nonadienal, trans-2,4-

Figure 1. Morphological changes of truffles during different storage
times.
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Table 1. GC−MS Results for Volatile Substances Detected in Truffles during Different Storage Periodsa

compound RT (min) name CAS

relative content (%)

0 day 14 days 28 days

Aldehydes
1 2.64 isovaleraldehyde 590−86−3 2.706 ± 0.036b 4.134 ± 0.002a 2.328 ± 0.001b

2 2.73 2-methylbutyraldehyde 96−17−3 1.167 ± 0.007b 4.271 ± 0.012a

3 5.22 hexanal 66−25−1 2.189 ± 0.027b 3.376 ± 0.103a 1.981 ± 0.041b

4 8.74 heptanal 111−71−7 0.130 ± 0.002b 0.237 ± 0.003a 0.240 ± 0.003a

5 8.89 3-(methylthio)propionaldehyde 3268−49−3 0.559 ± 0.017a 0.577 ± 0.006a 0.729 ± 0.021b

6 11.08 (E)-2-heptenal 18829−55−5 0.272 ± 0.110a 0.261 ± 0.005a 0.333 ± 0.004a

7 11.19 benzaldehyde 100−52−7 1.419 ± 0.201a 0.639 ± 0.015c 1.059 ± 0.056b

8 13.04 2-thiophenecarboxaldehyde 98−03−3 0.216 ± 0.013b 1.937 ± 0.208a

9 13.26 octanal 124−13−0 0.564 ± 0.004b 0.913 ± 0.011a 0.174 ± 0.001c

10 15.11 phenylacetaldehyde 122−78−1 0.939 ± 0.008c 1.331 ± 0.017b 2.590 ± 0.009a

11 15.85 (E)-2-octenal 2548−87−0 2.227 ± 0.049bc 4.321 ± 0.020a 2.658 ± 0.016b

12 18.10 1-nonanal 124−19−6 0.394 ± 0.083b 0.546 ± 0.053a 0.387 ± 0.003b

13 20.52 2-phenyl-acrylaldehyde 4432−63−7 0.121 ± 0.001a

14 20.71 (Z)-2-nonenal 60784−31−8 0.103 ± 0.002a 0.105 ± 0.001a 0.094 ± 0.002a

15 22.83 decyl aldehyde 112−31−2 0.171 ± 0.013a 0.114 ± 0.007b 0.066 ± 0.001c

16 23.12 (E,E)-2,4-nonadienal 5910−87−2 0.130 ± 0.011c 0.175 ± 0.008b 0.213 ± 0.013a

17 25.01 (2E)-2-decenal 3913−81−3 0.107 ± 0.001b 0.150 ± 0.015a 0.079 ± 0.002c

18 25.39 2-phenyl-2-butenal 4411−89−6 0.207 ± 0.032b 0.430 ± 0.008a

19 26.91 (E,E)-2,4-decadien-1-al 25152−84−5 0.183 ± 0.027a 0.179 ± 0.051a 0.146 ± 0.005ab

20 28.42 2-undecenal 2463−77−6 0.105 ± 0.001b 0.207 ± 0.002a 0.086 ± 0.001b

alcohols
1 1.73 ethanol 64−17−5 1.246 ± 0.026c 4.201 ± 0.334b 6.441 ± 0.237a

2 2.39 isobutanol 78−83−1 0.190 ± 0.020c 0.650 ± 0.014a 0.404 ± 0.007b

3 3.72 isoamyl alcohol 123−51−3 0.290 ± 0.018a

4 3.79 2-methyl butanol 137−32−6 1.703 ± 0.041a 0.694 ± 0.011b

5 4.42 1-pentanol 71−41−0 0.100 ± 0.001a

6 7.49 1-Hexanol 111−27−3 2.402 ± 0.036a

7 12.20 1-octen-3-ol 3391−86−4 7.520 ± 0.536b 16.889 ± 1.243a 9.898 ± 0.079b

8 12.92 3-octanol 589−98−0 0.293 ± 0.034b 0.275 ± 0.004b 2.587 ± 0.024a

9 16.36 (E)-2-octen-1-ol 18409−17−1 1.057 ± 0.113a

10 16.37 cyclo-octanol 696−71−9 2.509 ± 0.121a 1.314 ± 0.009b

11 16.51 1-octanol 111−87−5 0.274 ± 0.083b 0.429 ± 0.051a 0.503 ± 0.027a

12 18.44 phenylethyl alcohol 60−12−8 0.129 ± 0.027c 1.119 ± 0.036b 3.492 ± 0.245a

ketones
1 2.20 2-butanone 78−93−3 0.330 ± 0.012b 0.654 ± 0.005a

2 12.12 1-octen-3-one 4312−99−6 1.813 ± 0.257b 2.30 ± 0.048a 1.156 ± 0.016c

3 12.51 3-octanone 106−68−3 0.739 ± 0.007b 1.391 ± 0.004a 1.327 ± 0.003a

4 26.17 2-undecanone 112−12−9 0.177 ± 0.010c 0.357 ± 0.014a 0.297 ± 0.002ab

5 27.74 2-pentyl-2H-furan-5-one 21963−26−8 0.084 ± 0.001a

esters
1 6.96 ethyl isovalerate 108−64−5 0.122 ± 0.008a

2 7.18 methyl dodecanoate 111−82−0 0.056 ± 0.001a

3 13.16 ethyl hexanoate 123−66−0 0.126 ± 0.031a

4 22.53 ethyl caprylate 106−32−1 0.080 ± 0.017a

5 24.85 1-phenylethyl acetate 93−92−5 0.076 ± 0.006a

6 28.38 4-nonanolide 104−61−0 0.181 ± 0.028a

7 30.99 geraniol acetate 105−87−3 0.271 ± 0.004a

ethers
1 1.89 dimethyl sulfide 75−18−3 5.231 ± 0.075a 2.849 ± 0.112c 4.325 ± 0.244ab

2 2.01 2-ethoxyethanol 110−80−5 0.116 ± 0.010a

3 9.35 anisole 100−66−3 0.182 ± 0.001b 0.230 ± 0.019a

4 14.15 4-methylanisole 104−93−8 59.403 ± 3.564a 29.601 ± 1.352c 43.658 ± 3.211b

5 18.34 2-ethylanisole 14804−32−1 0.094 ± 0.013b 0.170 ± 0.009a

6 20.14 1,2-dimethoxybenzene 91−16−7 0.136 ± 0.027a 0.157 ± 0.014a

7 21.03 1,3-dimethoxybenzene 151−10−0 1.001 ± 0.003a 0.131 ± 0.011b 0.187 ± 0.007b

furans
1 12.72 2-pentylfuran 3777−69−3 0.231 ± 0.004b 0.387 ± 0.016a 0.420 ± 0.031a

1 8.27 styrene 100−42−5 1.175 ± 0.037b 0.747 ± 0.127c 3.457 ± 0.452a
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decadienal (E)-2-decenal, 1-octen-3-ol, 1-octen-3-one, and
dimethyl sulfide. The ingredients that modified the flavor of
truffles were hexanal, benzaldehyde, octanal, phenylacetalde-
hyde, (E)-2-octenal, nonanal, 1-nonanal, and decanal aldehyde.
At the same time, we should emphasize that none of the new
volatile substances produced during the entire storage period

had any significant contribution or modified the flavor of
truffles, indicating that their effects on the flavor can be
ignored, and thus, no further analysis was performed in the
follow-up experiment. Therefore, during the active and
spontaneous atmosphere storage of truffles, substances with

Table 1. continued

compound RT (min) name CAS

relative content (%)

0 day 14 days 28 days

acids
1 2.18 acetic acid 64−19−7 0.487 ± 0.034a

other
1 7.49 1,4-dimethyl-benzene 106−42−3 0.568 ± 0.071a 0.752 ± 0.035a

2 21.42 1,2-dimethoxy-3-methyl-benzen 4463−33−6 0.437 ± 0.022a 0.351 ± 0.017ab 0.243 ± 0.043c

3 24.19 3,4-dimethoxy-toluene 494−99−5 1.131 ± 0.094a 0.291 ± 0.026c 0.845 ± 0.005ab

4 24.56 2,5-dimethoxytoluene 24599−58−4 0.679 ± 0.028a 0.194 ± 0.031b 0.206 ± 0.013b

5 24.73 1,3-di-tert-butylbenzene 1014−60−4 0.119 ± 0.007a

6 30.45 3,4,5-trimethoxy toluene 6443−69−2 0.230 ± 0.014a 0.082 ± 0.010b 0.100 ± 0.001b

7 30.86 1,2,4-trimethoxybenzene 135−77−3 0.884 ± 0.102a

8 2.92 sec-butyl ethyl ether 2679−87−0 2.402 ± 0.164a

9 15.32 1-ethyl-1-methylcyclopentane 16747−50−5 0.175 ± 0.020a

aNotes: Data are presented as the means ± SD from triplicate determinations. Different letters in the same column indicate significant differences
(P < 0.05), n = 3. “-″ indicates that no data are available.

Figure 2. Analysis of volatile compounds in truffles stored at different times. Venn diagram of volatile substances during different storage periods
(A); changes in the types of volatile compounds during different storage periods of truffles (B); thermographic analysis of the relative contents of
volatile flavor components in truffles during different storage periods (C); principal component analysis (PCA) loading plot of key volatile
substances (D); evaluation of aroma characteristics in different storage periods of truffles (E).
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an important contribution or modification effect on the change
in flavor are aldehydes, alcohols, ketones, and ethers.

Throughout the storage period, the total relative content of
volatile substances with an important contribution or
modification effect on truffle flavor (0.1 < ROAV < 100) on
the 14th day of storage was 40.644%, which was significantly
higher than the values of 26.273% on the zeroth day and
27.71% on the 28th day. This increase in the content of volatile
substances disturbed the balance of truffle flavor, resulting in
new flavor characteristics of truffles and indicating that storage
for 14 d was the inflection point of drastic changes in truffle
flavor and possibly represented the inflection point of freshness
changes. Among them, isovaleraldehyde, 1-octen-3-ol, 1-octen-
3-one, and dimethyl sulfide are the most important ingredients
contributing to truffle flavor. They were also detected in
Yunnan black truffles (T. melanosporum) and contributed to
flavor,31 indicating that they are characteristic volatile
compounds in fresh truffles. After 28 days of storage, two
aldehydes, 3-(methylthio) propionaldehyde and (E,E)-2,4-
nonadienal, were substances that modified the flavor of truffles
in the early and middle periods of storage and suddenly exerted
a significant effect on the flavor. The ROAV increased from
0.77 and 0.4 to 1.58 and 1.01, respectively, and the relative

contents also showed an increasing trend during the storage
period, from 0.559 and 0.130% to 0.729 and 0.213%,
respectively. These two compounds were the key volatile
substances that gradually caused the odor of truffles during
storage.
3.4. Principal Component Analysis of Key Volatile

Compounds. The relative contents of the seven key volatile
compounds (ROAV > 1) that were commonly detected during
storage were used as the original information, and eigenvalues
greater than 1 were used as factors for principal component
analysis to determine the effects of key volatile compounds on
the flavor of truffles during each storage period. The results are
shown in Table S1. The variance contribution rates of
Principal Component One (PC1) and Principal Component
Two (PC2) were 61.84 and 38.16%, respectively, and the
accumulation reached 100%, which fully expressed the basic
information on the original data.

Figure 2 shows the principal component loading diagram of
key volatile substances in truffles during different storage
periods. First, the three storage periods were located in
different quadrants, indicating that they were well differ-
entiated. Second, in terms of key volatile substances, 1-octen-3-
one had the largest positive semiaxis load coefficient on PC1;

Table 2. Determination of Key Volatile Substances in Truffles during Different Storage Periods

chemical compound

relative content odor
threshold

ROAV

aroma description0 day 14 days 28 days 0 day 14 days 28 days

isovaleraldehyde 2.706 ± 0.036b 4.134 ± 0.002a 2.328 ± 0.001b 0.4 1.87 2.25 2.52 malty, cocoa aroma,
fruity

2-methylbutyraldehyde 1.167 ± 0.007b 4.271 ± 0.012a 1 0.32 0.928 malty, cocoa aroma,
fruity

hexanal 2.189 ± 0.027b 3.376 ± 0.103a 1.981 ± 0.041b 4.5 0.13 0.16 0.20 grassy,. grease flavor,
fishy smell

3-(methylthio)propionaldehyde 0.559 ± 0.017a 0.577 ± 0.006a 0.729 ± 0.021b 0.2 0.77 0.63 1.58 cooked potato, pungent
(E)-2-heptenal 0.272 ± 0.110a 0.261 ± 0.005a 0.333 ± 0.004a 4.2 0.02 0.01 0.03 grassy
benzaldehyde 1.419 ± 0.201a 0.639 ± 0.015c 1.059 ± 0.056b 3 0.13 0.05 0.15 almond odor, caramel,

nut aroma
octanal 0.564 ± 0.004b 0.913 ± 0.011a 0.174 ± 0.001c 0.7 0.22 0.28 0.11 rancid flavor, lemon
phenylacetaldehyde 0.939 ± 0.008c 1.331 ± 0.017b 2.590 ± 0.009a 4 0.06 0.07 0.28 hyacinth, nut aroma,

honey aroma
(E)-2-octenal 2.227 ± 0.049bc 4.321 ± 0.020a 2.658 ± 0.016b 3 0.20 0.31 0.38 grassy, fruity, grease

flavor
1-nonanal 0.394 ± 0.083b 0.546 ± 0.053a 0.387 ± 0.003b 1 0.11 0.12 0.17 rose-scented, citrus

flavor
decyl aldehyde 0.171 ± 0.013a 0.114 ± 0.007b 0.066 ± 0.001c 0.1 0.47 0.25 0.29 grassy, soapy aroma
(E,E)-2,4-nonadienal 0.130 ± 0.011c 0.175 ± 0.008b 0.213 ± 0.013a 0.09 0.4 0.42 1.01 coriander, grease flavor,

grassy
(E)-2-decenal 0.107 ± 0.001b 0.150 ± 0.015a 0.079 ± 0.002c 2.7 0.01 0.01 0.01 grassy, orange flavor,

fishy smell
(E,E)-2,4-decadien-1-al 0.183 ± 0.027a 0.179 ± 0.051a 0.146 ± 0.005ab 0.05 1.01 0.78 1.26 grease flavor, grassy,

citrus flavor
2-undecenal 0.105 ± 0.001b 0.207 ± 0.002a 0.086 ± 0.001b 0.5 0.06 0.09 0.07 grease flavor, grassy,

citrus flavor
1-octen-3-ol 7.520 ± 0.536b 16.889 ± 1.243a 9.898 ± 0.079b 1 2.07 3.67 4.28 soil aroma, mushroom

aroma
3-octanol 0.293 ± 0.034b 0.275 ± 0.004b 2.587 ± 0.024a 18 <0.01 <0.01 0.06 nut aroma, citrus flavor,

herb fragrance
1-octen-3-one 1.813 ± 0.257b 2.30 ± 0.048a 1.156 ± 0.016c 0.005 100 100 100 soil aroma, mushroom

aroma, metallic flavor
3-octanone 0.739 ± 0.007b 1.391 ± 0.004a 1.327 ± 0.003a 28 <0.01 0.01 0.02 fat-waxy, vegetable

flavor, fruity
2-undecanone 0.177 ± 0.010c 0.357 ± 0.014a 0.297 ± 0.002ab 7 <0.01 0.01 0.02 fruity, grease flavor, rue
dimethyl sulfide 5.231 ± 0.075a 2.849 ± 0.112c 4.325 ± 0.244ab 0.3 4.81 2.06 6.24 fish flavor, garlic flavor,

onion flavor
4-methylanisole 59.403 ± 3.564a 29.601 ± 1.352c 43.658 ± 3.211b 560 0.03 0.01 0.03 Cananga odorata, fruity,

meat flavor
2-pentylfuran 0.231 ± 0.004b 0.387 ± 0.016a 0.420 ± 0.031a 5.8 0.01 0.01 0.03 grease flavor, metallic

flavor, fruity
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3-methylthiopropanal 3-(Methylthio) had the smallest load
coefficient on the negative semiaxis, propionaldehyde; on PC2,
(E,E)-2,4-nonadienal had the largest load coefficient on the
positive semiaxis, and dimethyl aldehyde had the smallest load
coefficient on the negative semiaxis. The larger the absolute
value of the positive load coefficient, the stronger the
correlation between this index and the corresponding principal
component axis. Therefore, ketones, aldehydes, and ethers
exert the greatest effect on flavor, and the relative contents of
the four key volatile substances described above change
significantly during the storage of truffles. 3-(Methylthio)-
propionaldehyde was one of these volatile compounds. The
relative content of (E,E)-2,4-nonadienal increased with a
prolonged storage time, and thus it can be used as a marker for
the spoilage period of truffles. The changes in the
aforementioned substances can be monitored to distinguish
samples collected after different storage periods.
3.5. Results from the Evaluation of the Aroma

Characteristics of Truffles. Human sensory organs can
capture trace components that cannot even be detected by
chemical instruments with extremely high sensitivity and can
truly and effectively describe and evaluate the color, aroma,
taste, shape, and texture of food.32 In this paper, QDA was
conducted on the aroma characteristics of truffles detected
based on smell, and the final results obtained are shown in
Figure 2E. The flavor profiles of storage for 0 days (early stage)
and 14 days (middle stage) compared with 28 days (late stage)
were highly similar, indicating that the aroma characteristics of
truffles analyzed in the first two periods were relatively close. In
the evaluation of specific aroma characteristics, the mushroom
aroma (1-octen-3-ol) was the most prominent aroma of truffles
stored for 0 d. The 1-octen-3-one and fruity (isovaleraldehyde)
aromas were more prominent, and the cooking smell (3-
(methylthio) propionaldehyde) was the most prominent after
storage for 28 days. The aromas of prominent metallic (2-
pentylfuran), halal (octanal), and grassy ((E,E)-2,4-non-
adienal) components increased continuously, indicating that
the volatile substances in truffles changed significantly over
different storage periods. At the end of the storage period, the
altered aroma of truffles may be caused by factors such as
nutrient consumption, an increase in enzyme activity, excessive
oxidation of fatty acids, and microbial invasion. The overall
flavor of the product is shifting toward a deteriorating trend.
Therefore, each storage period may be distinguished according
to the difference in the main aroma characteristics detected for
each period.

3.6. Data Quality Control and Diversity Analysis.
3.6.1. 16S rDNA Bacterial Diversity Analysis. The sequencing
statistics are shown in Table S2. After splicing and quality
control of 112,320 original sequences, 99,163 high-quality valid
sequences with an average length of 297 nt were obtained, and
the quality control efficiency rate was 88.28%. Sequences
accounted for more than 86% of the total, and the Q30 values
of the valid sequences were all greater than 93%, all of which
met the requirements for the subsequent bioinformatics
analysis.33 The alpha diversity analysis of bacteria revealed
that the species diversity and richness index of the bacterial
community in truffles decreased first and then increased with a
prolonged storage time. On day 0 of storage, the bacterial
diversity and abundance in the samples were the highest due to
the large amount of soil attached to the surface of the truffles
after harvest, which contained many bacterial groups. On the
14th day of storage, the Shannon index and Simpson index of
colony diversity decreased to their lowest values, which were
3.069 and 0.866, respectively. At the same time, the Chao1 and
ACE colony richness indices in the storage environment also
decreased to their lowest values at 14 days, which were
414.109 and 417.794, respectively. The decreases in colony
diversity and abundance may be related to the effect of the
storage microenvironment formed by the active and sponta-
neous controlled atmosphere at a low temperature on
microorganisms. A total of 1548 OTUs were detected during
the storage of truffles. By analysis of a Venn diagram of the
entire storage period, 247 OTUs existed in each period, and
95, 28, and 58 OTUs were unique to each period, showing that
the bacterial community structure in the active and
spontaneous controlled atmosphere storage environment was
quite different. The OTUs detected in the samples during the
storage period were further classified into phyla, classes, orders,
families, genera, and species, and 12 bacterial phyla, 49
bacterial orders, 96 bacterial families, 195 bacterial genera, and
443 bacterial species were identified, indicating that the
bacterial community structure of truffles during storage was
relatively complex (Figure 3A).

3.6.2. ITS Fungal Diversity Analysis. The sequencing
statistics are shown in Table S3. After splicing and quality
control of 51,252 original sequences, 47,380 high-quality valid
sequences were obtained, with an average length greater than
351 nt. The quality control efficiency rate was 92.45%, with a
Q30 value of all sequences greater than 94%, all of which met
the requirements for the subsequent bioinformatics analysis.33

After the number of sequences reached 5000, the OTU
dilution curve became flat, indicating that the sequencing

Figure 3. Venn diagram of the bacterial (A) and fungal (B) flora on the surface of truffles during different storage periods.
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depth had basically covered all species in the sample, and the
amount of sequencing data for this truffle sample was
reasonable. The highest species richness and diversity of
fungi were observed in the samples treated with CK (AMAP
storage 0 days), and the species distribution was relatively
uniform. The species richness and diversity of fungi were lower
in HOAP-treated (AMAP storage for 14 days) and HOAP2-
treated (AMAP storage for 28 days) samples.

A cluster analysis was performed on the test samples to
obtain the OTU values of the samples, and the common and
unique high-abundance OTUs (average abundance of >1)
from different groups of samples were combined to construct
the Venn diagram shown in Figure 3B. Differences in the
OTUs of samples from different storage periods were
compared. Figure 2 shows that 45 OTUs were present in the
sample collected at 0 days of storage, 47 OTUs in the sample
collected at 14 days of storage, and 56 OTUs in the sample
collected at 28 days of storage. Throughout the storage period,
only one OTU existed in each period, and 33, 18, and 20
OTUs were unique to each period. As shown in Table S4, with
the prolongation of storage time, the Chao1 index, ACE index,
Shannon index, and Simpson index of truffle samples initially
decreased and then increased, indicating that the total
abundance and diversity of fungi in the samples increased
with storage time. The results also showed a trend of first
decreasing and then increasing. Coverage indices were all

>99%, again indicating that the sequencing depth was
appropriate.
3.7. Changes in the Microbial Community on the

Fruiting Body Surface. 3.7.1. Changes in the Bacterial
Community on the Fruiting Body Surface at the Phylum
and Genus Levels. At the phylum level, the top 10 species with
the greatest abundance were selected to generate a cumulative
histogram (Figure 4A). From the beginning to the end of
storage, the main colonies identified in the truffles were
Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidetes,
and the total bacterial abundance of these four phyla was
always >99%. In the present study, the bacterial flora with a
relative abundance ≥10% was defined as the dominant flora,
and Proteobacteria, Firmicutes, and Actinobacteria were the
dominant bacterial phyla identified at 0 and 28 days of storage.
On the 14th day of storage, the sum of the abundances of
Proteobacteria and Firmicutes was 97.86%, indicating that
AMAP treatment had certain selectivity for bacteria. The
trends in bacterial abundance at the genus level during truffle
storage are listed in Figure 4B. The top ten bacterial genera on
the surface of truffles during storage in terms of relative
abundance were Bacillus (25.02% at 0 day, 28.02% at 14 days,
and 24.45% at 28 days), Staphylococcus (17.45% at 0 day,
16.02% at 14 days, and 22.45% at 28 days), and Leuconostoc
(15.02% at 0 day, 35.76% at 14 days, and 4.26% at 28 days),
among others, accounting for a total of 91.08% (0 day),

Figure 4. Community taxonomic composition and abundance distribution of bacteria (A) and fungi (B) at the phylum level on the surface of
truffles during different storage periods.

Figure 5. Community taxonomic composition and abundance distribution of bacteria (A) and fungi (B) at the genus level on the surface of truffles
during different storage periods.
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97.86% (14 days), and 68.07% (28 days) of identified bacteria.
The genus Leuconostoc was present at the highest abundance in
the samples stored for 14 days, accounting for 35.76%, but it
was detected at the lowest abundance in the samples stored for
28 days, accounting for only 4.26%. The abundance of
Lactococcus and Lactobacillus increased to their highest levels
on the 14th day of storage, accounting for 14.68 and 11.65%,
respectively. The trend for the abundance of Allorhizobium,
Neorhizobium, Pararhizobium, and Rhizobium was consistent
with that of Leuconostoc, accounting for 12.77, 15.15, and
11.56% of the species detected in each period, respectively.
The abundance of Pseudomonas showed a trend of first
decreasing and then increasing during storage. The abundance
of Pseudomonas was the lowest at 14 days, accounting for
6.07%, and the highest at 28 days, accounting for 11.99%. The
trend for the abundance of Glutamicibacter was consistent with
that of Pseudomonas, accounting for 12.04, 4.43, and 15.08% of
species detected in each period, respectively.

3.7.2. Changes in Surface Fungal Communities at the
Phylum and Genus Levels. The method of random resampling
was used to analyze the valid sequences from fungal phyla
(Basidiomycota, Neocallimastigomycota, Mucoromycota, and
Ascomycota) in three samples of truffles collected after
different storage periods, as shown in Figure 5A. The relative
abundance of Ascomycota showed a trend of first decreasing
and then increasing, and the relative abundance of
Basidiomycota showed a trend of first increasing and then
decreasing. The phyla Neoflagellate and Basidiomycota only
appeared at 0 and 14 days of storage, respectively. Among
them, the important phyla in the samples stored on day 0 were
Ascomycota (54.92%) and the phylum Neoflagellate
(32.02%); the phyla identified in the samples stored for 14
days were mainly Ascomycota (26.30%) and Mucoromycota

(69.39%); and the phyla detected in the samples stored for 28
days mainly included Ascomycota (98.85%). With the
prolongation of storage time, the fungal community
composition at the phylum level became increasingly singular,
indicating that the modified atmosphere treatment exerted a
profound effect on the composition of fungi on the surface of
truffles during storage.

Random resampling was also used to study the proportion of
fungal genera sequences during the storage of truffles. Fungal
genera accounted for 0.23% or more of the truffle samples
stored on the zeroth day and mainly included nine genera
Figure 5B For Orpinomyces, Botrytis, Piromyces, Candida,
Tricholoma, Anaeromyces spp., Aspergillus, Cladosporium, and
Phyllactinia, the relative abundances were 24.59, 9.74, 4.19,
0.42, 0.23, 3.24, 1.12, 2.30, and 1.23%, respectively. The fungal
genera in the samples stored for 14 days mainly included four
genera, namely, Mucor, Candida, Trichoderma, and Aspergillus,
with relative contents of 69.30, 0.96, 3.30, and 0.50%,
respectively. The fungal genera detected on the samples stored
for 28 days mainly included four genera, namely, Candida,
Aspergillus, Cladosporium, and Spheroides, with relative
abundances of 2.77, 1.49, 0.06, and 0.04%, respectively.
3.8. Cluster Analysis of Microbial Communities on

the Surface of Truffle Fruiting Bodies at the Genus
Level. 3.8.1. Cluster Analysis of Bacteria Detected on the
Surface of Fruiting Bodies at the Genus Level. The relative
abundance of each bacterial community was calculated as the
base 10 logarithm, a heatmap was generated, and a cluster
analysis was performed to further clarify the changes in the
bacterial community on the body surface of the postharvest
truffles at the genus level during storage, where the columns
represent samples from different storage periods, the rows
represent different bacterial communities, and the heatmap

Figure 6. Heatmap analysis of the constitution of the bacterial (A) and fungal communities (B) on the surfaces of truffles during different storage
periods.
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illustrating the abundances of the top 50 bacteria at the genus
level is shown in Figure 6A. The columns represent samples
from different storage periods, and the rows represent different
bacterial species: the hue indicates relative abundance, with
warmer colors indicating a higher species abundance. As shown
in the figure, the main genera identified throughout the storage
period were Allorhizobium-Neorhizobium-Pararhizobium-Rhi-
zobium, Leuconostoc, Pseudomonas, Lactococcus, and Lactoba-
cillus, which belong to phyla Proteobacteria and Firmicutes.
Except for Pseudomonas, the proportions of other genera
initially increased and then decreased during storage.
Leuconostoc, Lactobacillus, and Lactococcus formed the acidic
environment of the truffle, which has a certain contribution to
the maintenance of food safety, but it may have a potential
effect on the food flavor. Additionally, some bacteria in the
genus Lactococcus are more putrefactive, which will accelerate
the deterioration of the quality of truffles. At the same time, the
growth of spoilage-causing pathogens such as Pseudomonas,
Brochothrix, and Carnobacterium was significantly suppressed
by the dominant bacterium Leuconostoc after 14 days of storage
but gradually resumed growth after 28 days of storage,
consistent with the results shown in the histogram of the
genus-level relative abundance accumulation.

3.8.2. Cluster Analysis of Fungi on the Surface of Fruiting
Bodies at the Genus Level. The diversity of genera was found
to decrease during the whole process of truffle storage.
Throughout the storage period, the common genera detected
were Candida and Aspergillus. The relative abundance of the
former showed a decreasing trend, while the relative
abundance of the latter showed a trend of first decreasing
and then increasing. Using R software, a cluster analysis was
performed on the top 50 genera ranked by abundance, and a
heatmap was drawn, as shown in Figure 6B. Each cell in the
heatmap represents the relative abundance of a certain bacteria
in the sample, and the redder the color, the higher the relative
abundance.34 At the genus level, the high-abundance species
detected in the samples stored for 14 and for 28 days were
relatively consistent and clustered first and then clustered with
the samples stored for 0 day. At the same time, the coefficient
of variation (CV) was calculated to characterize the fluctuation
of species between samples,35 and here, only the genus level
was calculated to represent the 10 smallest and largest CVs of

10 genera. The results revealed seven genera with the largest
species fluctuation among the samples, namely, Mucor,
Orpinomyces, Piromyces, Anaeromyces, Alternaria, Botrytis, and
Lenzites, and the Aspergillus genus exhibited the smallest
species fluctuation.
3.9. KEGG Analysis of the Microbial Community on

the Surface of Truffle Fruiting Bodies. In the primary
classification of “Cellular Processes”, “Cell Growth and Death”
is the most representative pathway, accounting for the largest
proportion identified during the whole period of active and
spontaneous controlled atmosphere storage at low temper-
atures, indicating that bacterial communities on truffle surfaces
activate cell signaling in response to low-temperature environ-
ments. In addition, as the most representative pathway in the
category of “Environmental Information Processing”, “Signal
Transduction” exhibited the greatest enrichment throughout
the period of air-conditioning storage in an ice-temperature
microenvironment, which may help bacteria on the truffle
surface adapt to cold conditions. Figure 7A shows that
carbohydrate metabolism and amino acid metabolism were the
most enriched pathways in metabolism, which may also
provide one explanation for the change in the flavor of truffles
during storage.36

The KEGG enrichment analysis of fungi is shown in Figure
7B, unlike bacteria, in the primary classification of “Cellular
Processes”, “Transport and Catabolism” is the most important
pathway. Representatively, this pathway accounted for the
largest proportion, indicating that the fungi present on the
surface of truffles during active and spontaneously controlled
atmosphere storage at low temperatures affect the biological
activity of truffles, resulting in the degradation of nutrients and
spoilage and may be involved in flavor substances produced
during the storage of truffles. Some fungi also secrete
adenosine to block the production and release of oxygen free
radicals by neutrophils or produce aspartyl protease to degrade
the extracellular matrix, causing tissue damage (0). Amino acid
metabolism was the main enriched pathway in the primary
classification of metabolism, which may be related to the role
of bacteria in this classification and the flavor change that
occurs during the storage of truffles.

Figure 7. Annotation analysis of KEGG pathways of bacterial flora (A) and fungal flora (B) detected on the surface of truffles during different
storage periods.
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4. DISCUSSION
Truffles are a rare edible fungus and are very perishable. They
will lose their nutritional value and typical aroma due to water
loss and a high load of microorganisms within 1 week after
harvest without fresh-keeping measures. Therefore, in this
study, truffles were placed at 4 °C with 40% O2 and 60% CO2
under active and spontaneous controlled atmosphere con-
ditions to explore the changes in volatile components and the
bacterial community structure during storage and to clarify the
effects of storage conditions on truffle volatile components and
microorganisms.
4.1. Analysis of Flavor Substances in Truffle during

AMAP Storage. During the active and spontaneous storage of
truffles in the O2/CO2, 63 volatile components in 10 categories
were detected using GC−MS, and aldehydes, alcohols,
ketones, and ethers were identified in the ROAV analysis.
Four major categories of substances exert an important effect
on or modify the flavor of truffles.

Aldehydes are the most volatile substances in truffles, mainly
containing C5−C9 aldehydes. These aldehydes are mainly
derived from the oxidation and degradation of fat, producing a
fruity and fatty odor and have a relatively high quality.
Aldehydes with high carbon numbers also have the aroma of
citrus peel,37 and other aldehydes are formed through the
Strecker degradation pathway, in which isovaleraldehyde is
derived from the degradation of leucine and is produced in the
form of malt and malt cocoa aroma.38 Benzaldehyde is the
degradation product of phenylalanine and has almond and
nutty aromas.39 Aldehydes are volatile and have low thresh-
olds, which may work with other compounds to produce
stronger flavor overlap effects,40 such as (E,E)-2,4-nonadienal
and hexanal, which have oily and grassy tastes. Some linear
aldehydes, such as hexanal and octanal, may be the main
source of a fishy smell.41 During storage, the types and relative
contents of aldehydes change first. The increase and
subsequent decrease may be related to the fact that the initial
high oxygen content accelerates the absorption of oxygen by
the free radicals produced by fat and leads to fatty acid
oxidation. Later, with an increase in carbon dioxide
concentration, the inhibitory effect reduces the degree of fat
oxidation. Aldehydes with an important contribution to the
flavor of truffles during storage include isovaleraldehyde, 3-
(methylthio)propionaldehyde, (E,E)-2,4-nonadienal, (E,E)-
2,4-decadienal, and (E,E)-2,4-decadien-1-al, of which 3-
(methylthio) propionaldehyde is a sulfur-containing substance
with cooking odor properties similar to boiled potatoes that is
derived from the degradation of methionine or the Strecker
degradation of methionine,42 releasing an unpleasant odor and
provoking irritation at high concentrations, which can
deteriorate the aroma quality of truffles.

Among all the alcohols detected during the storage of
truffles, the relative content of 1-octen-3-ol, known as
“mushroom alcohol”, accounted for the highest proportion,
and its reaction is catalyzed by lipoxygenase. It is an oily liquid
octacarbon compound (C8H16O) formed from linoleic acid,
which, in addition to possessing a strong mushroom aroma,
also has wet wood and herbal notes. It is presumed to be
involved in the interaction between host plants and truffles and
is involved in the mycorrhizal process in the truffle life cycle.43

Throughout the storage period, the relative content of 1-octen-
3-ol initially increased and then decreased, which may be
related to the various oxidoreductase systems that are active in

truffle fruiting bodies at different storage stages. The expressed
enzyme activity is correlated.44 In addition, the relative content
of ethanol showed an increasing trend during storage, but its
threshold was high (100,000 μg/kg), and its effect on flavor
was basically negligible according to the ROAV evaluation.

Ketones made up the fourth largest class of compounds
detected. They have floral, fruity, creamy, and long-lasting
aromas. During the three storage periods, four, five, and three
ketones were detected, respectively, and the greatest total
amount of ketones was detected in the middle of the storage
period, which may be caused by the autoxidation of
unsaturated fatty acids and Strecker degradation.45 In this
study, 1-octen-3-one was detected in the highest quantity, and
its aroma threshold was extremely low (0.005 μg/kg), which
endowed the truffle with a strong earthy aroma. Its relative
content increased from 1.813% in the early storage period to
2.30% in the middle storage period but finally decreased to
1.156% in the late storage period. The substances detected in
higher amounts during the storage period were 3-octen-one
and 2-undecanone, and the trend for the changes in their
relative contents was consistent with that of 1-octen-3-one. 3-
Octen-one has ketone, waxy, vegetable, and fruity aroma
characteristics and 2-undecanone has fruity, oily, and cheese-
like aromas, but the aroma thresholds of these two substances
are much higher than that of 1-octen-3-one, suggesting that
they may only potentially contribute to flavor.

Ethers were the most abundant volatile components
detected in terms of the relative content. Among them, the
relative contents of p-methylanisole and 4-methylanisole were
the highest. Anisole naturally exists in ylang−ylang, violets, and
tomatoes and provides sweet floral aromas to truffles. Except
for Yunnan black truffles (T. melanosporum), no other reports
have documented this compound in truffles. However, its
threshold value was high (560 μg/kg); although it had the
highest relative content, its final contribution to the truffle
flavor was very small and it may be a potential contributor to
flavor. Dimethyl sulfide, a lower-threshold sulfur-containing
compound produced by the Maillard reaction induced by
methionine, was detected during storage,46 providing truffles
with dimethyl sulfide. It has a strong fishy, onion, garlic, and
other spicy taste. This compound has been shown to be a
characteristic flavor component in other truffle species.47,48

Controlled atmosphere storage at 4 °C with 40% O2 + 60%
CO2 delayed the decay of truffle aldehydes, alcohols, esters,
furans, acids, and olefins and slowed the degradation of
ketones, ethers, and other substances (olefins and alkanes).
ROAV results showed that isovaleraldehyde, 1-octen-3-ol, 1-
octen-3-one, and dimethyl sulfide were the characteristic flavor
components of fresh truffles, and hexanal, octanal, (E)-2-
octenal, nonanal, and decanal potentially modified the flavor of
truffles. The total relative content of volatile components that
contributed to the flavor of truffles (ROAV > 0.1) changed
significantly after 14 days of storage, which became the
inflection point of the flavor change. Among them, 3-
methylthiopropanal and (E,E)-2,4-nonadienal were the key
volatile substances that caused the odor of truffles. The PCA
results showed that ketones, aldehydes, and ethers had the
greatest effect on the flavor of truffles during storage and
increases in the levels of these compounds can be used as an
indicator of spoilage in the quality of truffles. The evaluation
results of aroma characteristics showed that the aroma
characteristics of truffles changed significantly during storage.
On day 0 of storage, the truffles mainly produced a mushroom
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aroma; after 14 days of storage, they mainly had the aroma of
soil; and after 28 days of storage, they mainly produced the
smell of cooking.
4.2. Analysis of the Truffle Microbiota during AMAP

Storage. Pseudomonas is an obligate aerobic Gram-negative
bacillus that promotes the growth and development of truffles
before harvest; it is the main pathogenic bacterial species
detected in fruits, vegetables, and edible fungi.49 It secretes cell
wall-degrading enzymes, thereby destroying cell tissues, which
cause the degradation of lettuce, tomato, and other fruit and
vegetable tissues, and the surface is sticky and odorous.50 The
abundance of Pseudomonas at 14 days of storage was
significantly lower than that observed at the other two periods.
At the same time, two spoilage pathogens, Cyclostomyces and
Clostridium, were among the top ten species in abundance
throughout the storage period. They are not common in edible
fungi and often appear in poultry meat.51 Brochothrix is a
facultative anaerobic bacterium.52 When the O2 content in the
package decreases, this bacterium can first use glucose,
mannose, and other sugars as growth substrates for rapid
growth, and thus, its abundance increases to the highest value
after 28 days of storage. S. thermophila, a member of this genus,
has a strong ability to decompose proteins and fats, which can
cause spoilage and odor.53 Clostridium is also a facultative
anaerobic bacterium, and many members of this genus can
grow at a low temperature of 0 °C.54 This bacterium can
produce volatile substances with an aroma similar to a butter
odor, which exerts a substantial effect on food spoilage.55 Its
abundance also showed an increasing trend and reached its
highest level at 28 days of storage. However, the abundance of
these two genera reached the lowest level on the 14th day of
storage, indicating that 40% O2 + 60% CO2 controlled
atmosphere storage at 4 °C effectively inhibited the growth of
spoilage-causing bacteria.
Leuconostoc has a wide range of sources and has been

detected in edible fungi,56 fermented vegetable products,57

tropical fruits,58 milk samples,59 soil,60 and even animal
intestinal feces (79), and some bacteria can survive under
facultative anaerobic conditions. We speculated that Leuconos-
toc became an absolutely dominant genus after 14 days of
storage or was related to this characteristic. At the same time,
Leuconostoc can convert polysaccharides into mannitol and
glucan, providing a carbon source for the growth of Lactococcus
and Lactobacillus bacteria,61 while the genera Lactococcus and
Lactobacillus exhibit strong acid resistance and survive well in
the storage environment, which explains why the abundances
of Lactococcus and Lactobacillus increased to the maximum

values after storage for 14 days, and these bacteria became two
of the dominant genera. In addition, Lactococcus and
Lactobacillus also produce acid or synthesize bacteriocins,
which inhibit the growth of Gram-positive bacteria, thus
competing to participate in the nutritive decomposition of
truffles. Lactobacillus species also inhibit the growth of
microorganisms that breakdown proteins. However, Lactococ-
cus has been described as a ubiquitous microorganism
associated with postharvest spoilage of truffles, has the ability
to produce amines, and should be further controlled. The low
temperature of 4 °C can also inhibit the growth of most
microorganisms, and with the progression of truffle respiration,
a large amount of CO2 dissolved in water is generated in the
package with 40% O2 + 60% CO2 controlled atmosphere
storage at 4 °C. The acidic environment also helped to inhibit
the growth of acid-labile bacteria, making Leuconostoc the
dominant genus after storage for 14 days. After 28 days of
storage, the proportions of the above-mentioned genera
decreased to the lowest levels, which may be related to the
negative feedback caused by the accumulation of acidic
metabolites and the excessively low pH environment formed
by the high concentration of CO2 dissolved in water or because
the nutrients on the surface of the truffles were exhausted.
When the nutrients are exhausted, the above-mentioned
bacteria enter a period of decline, the inhibitory effect on
other flora is weakened, and the proportion of some spoilage-
causing pathogens also increases. Other genera present at
higher abundances may have less of an effect on truffle quality,
such as Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium
and Brachyrhizobium, which have the ability to fix nitrogen62

and may be related to truffle growth and development.
4.3. Correlation Analysis between the Bacterial

Community and Truffle Volatile Components. An
assessment of the potential relationship between microbial
communities and flavor compounds provides a template for
screening functional microorganisms. An analysis of the
relationship between microorganisms and flavor compounds
is beneficial to identifying potential flavor-functional flora and
controlling food flavor characteristics. A correlation analysis
was conducted between volatile components exhibiting
significant changes during different storage periods and core
microorganisms. IBM SPSS software was used to analyze the
correlations between 14 significantly different volatile flavor
substances and the top ten core microorganisms in terms of
abundance during storage. Figure 8A was generated using the
OmicStudio tools; the nodes represent volatile compounds and

Figure 8. Network diagram showing the results from the analysis of the correlation between the microbiota and volatile flavor compounds (A),
between fungal flora and volatile flavor compounds (B), and between fungal flora and bacterial flora (C) based on the Pearson correlation
coefficients.
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microorganism categories, and the lines between the nodes
represent the correlation coefficients.

4.3.1. Linking Volatile Components to the Bacterial
Community Structure through Pearson’s Correlation Anal-
ysis. The proportions of Lactococcus and Lactobacillus increased
first and then decreased during storage. The abundances of
Lactococcus and Lactobacillus were related to acetone, 2-
octenal, and styrene. The abundance of Pseudomonas increased
to its highest level at 28 days of storage, and the relationship
between its abundance and volatile flavor substances was
opposite to that of Lactococcus and Lactobacillus. Lactococcus
and Lactobacillus were significantly positively correlated with
acetone, while Pseudomonas and Glutamicibacter exhibited
negative correlations. Lactococcus and Lactobacillus are the
major flora present in dairy products, plant products, etc.63

Lactococcus produces lactic acid and can use alkanes as a
carbon source. Lactic acid bacteria convert carbohydrates into
ethanol to produce a series of acids, esters, and higher
alcohols.31 Pseudomonas is one of the main pathogenic bacteria
detected in fruits, vegetables, and edible fungi. It secretes cell
wall-degrading enzymes, thereby destroying cell tissues,
causing the surface of truffles in the later storage period to
be sticky and slippery and produce a peculiar smell. It also
causes soft rot and brown disease in edible fungi.50 The results
showed that the contributions of Lactococcus and Lactobacillus
to the same flavor may be consistent but opposite to the
contributions of Pseudomonas and Glutamicibacter to the same
flavor. Various results indicated that the interaction between
microorganisms affected the changes in flavor compounds in
truffles during storage, and thus multiple genera in the bacterial
communities may be related to flavor compounds.64

4.3.2. Correlation Analysis between the Fungal Com-
munity and Truffle Volatile Components. Figure 8B shows
the correlation network between fungi and volatile flavor
substances during truffle storage. The correlations between 10
fungi and 14 volatile flavor compounds were described.
Aspergillus exhibited a significant positive correlation with
three aldehydes, one ketone, and one ether, including 2-
methylbutyraldehyde, hexanal, benzaldehyde, 1-octen-3-one,
and p-methylanisole, indicating that Aspergillus may participate
in the synthesis of these substances and in the decomposition
of trans-2-octen-1-ol. Aspergillus secretes glucose oxidase,
saccharifying enzymes, proteases, and lipases. Enzymes affect
the biological activity of fresh truffles, resulting in degradation
of their nutrients and deterioration. Aspergillus is also very
important for the industrial production of ester alcohols and
other substances.65 Candida displayed a significant negative
correlation with styrene, 1-octen-3-ol, and acetone, indicating
that Candida may be involved in the degradation of these
substances. Candida virulence is closely related to its adhesion
to body tissues. The bacteria secrete adenosine to block the
production and release of oxygen free radicals by neutrophils;
they also produce aspartic proteases to degrade the
extracellular matrix and cause tissue damage.66

4.3.3. Correlation Analysis of Bacteria and Fungi on the
Surface of Truffle Fruiting Bodies. Based on the genus level,
the top ten bacterial and fungal genera in terms of relative
abundance during storage were selected for the correlation
analysis, as shown in Figure 8C, and the relationship between
bacterial and fungal genera was revealed based on the Pearson
correlation coefficient. The study found that Mucor was
significantly positively correlated with Lactobacillus and
Lactococcus and significantly negatively correlated with

Brochothrix. Mucor is an important pathogenic fungus that
seriously harms the peanut and soybean industries, and its
metabolites are widely present in phytopathogenic fungi as
phytotoxins.67 Lactococcus produces lactic acid and can use
alkanes as a carbon source. Lactic acid bacteria convert
carbohydrates into ethanol to produce a series of acids, esters,
and higher alcohols,68 indicating that the interaction between
Mucor and Lactobacillus spp.and Lactococcus led to the spoilage
of truffles during storage. By consulting relevant data, the core
flora that cause the spoilage of fresh truffles are all aerobic
bacteria.69 Therefore, the active spontaneous atmosphere used
in this study effectively inhibits the life activities of spoilage-
causing flora and prolongs the storage time of truffles.

5. CONCLUSIONS
We explored the trends for the changes in volatile components
during the storage of truffles at 4 °C with a 40% O2 + 60%
CO2-modified atmosphere. The results showed that 3-
methylthiopropanal and (E,E)-2,4-nonadienal, which are
aldehydes, played an important role in the generation of
truffle odor, which may be used as indicators of truffle spoilage
characteristics. According to the evaluation of aroma character-
istics, the aroma characteristics detected during storage
changed from the initial mushroom aroma to an earthy
aroma and finally to a cooking smell. The dynamic changes of
the bacterial community on the body surface of truffles during
storage at 4 °C with a 40% O2 + 60% CO2 controlled
atmosphere were revealed. Proteobacteria and Firmicutes were
the common dominant phyla detected during storage.
Leuconostoc was the absolute dominant bacterial genus
detected in truffles stored for 14 days, accounting for
35.76%. On the 28th day of storage, Pseudomonas became
one of the dominant genera, and the abundance of Cyclo-
stomyces and Clostridium also increased to their highest levels
during this period. The core flora that leads to the spoilage of
fresh truffles are all aerobic bacteria, and Mucor is a
thermophilic fungus, which may also prove that the active
spontaneous atmosphere used in this study effectively inhibits
the life activities of spoilage-causing flora to prolong the
storage time of truffles. This study provides a reference for the
green preservation of truffles.
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