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Abstract: The influences of four drying methods (hot air drying (HAD), vacuum freeze drying (VFD),
vacuum drying (VD) and intermittent microwave combined with hot air drying (MW-HAD)) on the
taste profile and flavor characteristic of Cordyceps militaris were investigated. MW-HAD samples
had the highest levels of umami taste 5′-nucleotides, bitter taste amino acids, and equivalent umami
concentration (EUC) value. The aroma fingerprints and differences of dried Cordyceps militaris were
established by GC-MS with odor activity values (OAVs) and GC-IMS with principal component
analysis (PCA). GC-MS data showed that the predominant volatiles of dried samples were aldehydes,
alcohols, and ketones. VFD samples had the highest amount of total aroma compounds and C8
compounds. Moreover, 21 aroma-active components (OAVs ≥ 1) were the main contributors to
the flavor of dried Cordyceps militaris. The OAVs of 1-octen-3-one and 3-octanone associated with
mushroom-like odor in VFD were significantly higher than other samples. Furthermore, a significant
difference in flavor compounds of four dried samples was also clearly demonstrated by GC-IMS
analysis with PCA. GC-IMS analysis revealed that VFD samples had the most abundant flavor
compounds. Overall, MW-HAD was an effective drying method to promote umami taste, and VFD
could superiorly preserve volatiles and characteristic aroma compounds in dried Cordyceps militaris.

Keywords: Cordyceps militaris; drying methods; taste components; GC-MS; GC-IMS

1. Introduction

Cordyceps militaris, a very promising functional and industrial fungus or mushroom,
has been widely used as food and medicine in China [1]. Cordyceps militaris contains di-
verse bioactive compounds, including cordyceps polysaccharides, cordycepin, adenosine,
ergosterol, etc. [2]. Researchers have reported that Cordyceps militaris has various physio-
logical functions, such as antioxidant [3], anti-inflammatory, and anti-tumor effects [4]. The
increased consumption of Cordyceps militaris is not only attributed to the nutritional value,
but also its delicious taste and unique flavor [5]. Moreover, umami taste and aroma are
critical elements influencing consumers acceptability, with the increase in people’s aware-
ness about food organoleptic properties. Thus, it is necessary to reveal the comprehensive
information on how processing affects the flavor properties of Cordyceps militaris.

Fresh Cordyceps militaris deteriorates readily and has a short shelf life, owing to its
high moisture content (85.95%). Drying is an efficient processing method to preserve
agricultural products and maintain food quality [6,7]. Drying methods most often used
include hot air drying (HAD), vacuum drying (VD), vacuum freeze drying (VFD), and
intermittent microwave-hot air drying (MW-HAD). HAD is the most adopted technique;
it dehydrates foodstuffs by oven with a steady flow of hot air. It is easy to perform
and low-cost, but it requires long drying time and has low energy utilization [8]. VD
involves drying materials below the standard atmospheric pressure and evaporating the
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moisture under low temperature. It is often used in heat- and oxygen-sensitive products [9].
VFD is a well-accepted drying method. The samples are first frozen, and then the solid
ice is removed by sublimation in a vacuum process [10]. This technique is considered
superior because it can prevent the destruction of thermolabile components and maintain
the nutrition, flavor, color, and texture of the product [11,12]. Li et al. [13] reported that VFD
treatment could better preserve the taste compounds of Pleurotus eryngii. Microwave and
hot air are usually applied in combination for drying products, which have the advantages
of both MW and HAD [14]. The application of microwaves can shorten drying time
and save energy consumption. Wang et al. [15] reported that MW-HAD-treated shiitake
mushrooms had a predominant nitric aroma and moderate level of aldehydes and ketones
associated with fresh-like characteristic when compared with HAD and infrared drying.
Different drying methods have their own characteristic and may bring out the changes
in flavor substances in mushrooms [6,16]. However, the effect of commonly used drying
technologies on the formation and changes in flavor compounds in Cordyceps militaris has
not been deeply studied.

Flavor induced by tasty and odorous chemicals is an important quality indicator of
edible fungi [13]. Umami primarily caused by free amino acids (FAAs) and 5′-nucleotides
contributes to the pleasant taste of mushrooms. The equivalent umami concentration (EUC)
calculated based on these components can represent the level of umami in mushrooms [13].
Aroma is another essential feature, and the determination of aroma has gained more atten-
tion in recent years. Gas chromatography-mass spectrometry (GC-MS) is a commonly used
technology for the detection and identification of compounds in food [17]. Comparative
studies on the flavor analysis of Cordyceps militaris in different drying methods detected
through GC-MS have been reported in recent years. Wu et al. [18] compared the main aroma
difference of infrared freeze-dried (IRFD) and traditional freeze-dried (TFD) Cordyceps mil-
itaris by GC-MS. Results revealed that IRFD resulted in better retention of 3-octanone,
3-octanol, 1-octen-3-ol, and 1,3-octadiene than TFD. Wu et al. [19] found that short drying
time and low drying temperature facilitated the retention of aroma compounds in infrared
dried Cordyceps militaris through GC-MS. Wu et al. [20] also analyzed the influence of
microwave-assisted pulse-spouted bed freeze drying (MPSFD), freeze drying (FD), and
HAD on flavor compounds of Cordyceps militaris using GC-MS and indicated that FD and
MPSFD could preserve aroma compounds better than HAD.

The newly developed gas chromatography-ion mobility spectrometry (GC-IMS) is a
sensitive technology for evaluating flavor substances. This method has the advantages of
GC (high separation) and IMS (rapid response) [21]. GC-IMS has been broadly applied in
food classification, food adulteration detection, food freshness evaluation, safety control,
and the characterization of off-flavor in food [22]. Hou et al. [23] successfully established
the volatile fingerprints of shiitake mushrooms treated by HAD, VFD, VFD combined
with HAD through GC-IMS. Chen et al. [24] compared the effect of drying rate and degree
in HAD treatment on flavor characteristic of shiitake mushrooms using GC-IMS and
indicated that GC-IMS was an effective tool to discriminate different samples. Moreover,
GC-IMS was also used to evaluate the volatiles of Cordyceps militaris chicken soup. Results
demonstrated that the addition of Cordyceps militaris resulted in the disappearance of
some aroma components, and the enzymolysis process led to the increase in some volatile
substances [25]. As mentioned above, GC-IMS was a useful tool in the flavor evaluation of
some edible mushrooms; however, the application of GC-IMS in Cordyceps militaris treated
by different drying methods has never been reported.

Although several drying methods have been used in Cordyceps militaris, the specific
information on how to obtain high-value and flavor-rich dried Cordyceps militaris products is
lacking. Therefore, the objectives of this study were to analyze the influences of four drying
methods (HAD, VFD, VD, and MW-HAD) on the flavor quality of Cordyceps militaris. The
taste profile was evaluated by FAAs, 5′-nucleotides, and EUC value. The flavor fingerprints
and discrimination analysis of four dried Cordyceps militaris samples were performed by
GC-MS combined with OAVs and GC-IMS with PCA. The results obtained could provide
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reference for the preservation of fresh Cordyceps militaris, the further flavor analysis of dried
Cordyceps militaris, and development of Cordyceps militaris processing products.

2. Materials and Methods
2.1. Materials and Chemicals

Fresh Cordyceps militaris (initial moisture content of 85.95%) with uniform size was
purchased from Hongyu Agricultural Science Co. Ltd. (Xuzhou, Jiangsu, China). Then all
samples were immediately kept in a refrigerator (4 ◦C). Before drying, the Cordyceps militaris
were rinsed and drained. 1,2-Dichlorobenzene and n-alkanes (C7–C40) of chromatography
grade were obtained from Sigma Aldrich Ltd. (St. Louis, MO, USA).

2.2. Drying Procedures
2.2.1. Hot Air Drying (HAD)

HAD was conducted in a hot-wind circulation oven (GZX-GF 101-3 BS, Yuejin Medical
Co., Shanghai, China). Fresh Cordyceps militaris samples (100 g) were dried at 50 ◦C with an
air velocity of 1.0 m/s. The moisture content of Cordyceps militaris reached below 9.0% (wet
basis). The total drying time was about 13 h.

2.2.2. Vacuum Freeze Drying (VFD)

Fresh Cordyceps militaris (100 g) was initially frozen at −70 ◦C for 24 h in the freezer.
Then, the samples were transferred to lyophilize in a laboratory-scale freeze dryer (LPHA1-
2/LO-2, Bomaixing Co., Beijing, China) at −55 ◦C for 48 h [23]. The chamber pressure was
20 Pa. The moisture content of Cordyceps militaris reduced to 9.0% (wet basis).

2.2.3. Vacuum Drying (VD)

For the VD process, fresh Cordyceps militaris (100 g) was dried using a vacuum drying
oven (DZF-6500, Yiheng Co., Shanghai, China) equipped with a vacuum pump. The drying
conditions were set at 50 ◦C under a vacuum degree of 0.85 MPa. Drying lasted for about
17 h, until the samples moisture reached below 9.0% (wet basis).

2.2.4. Combined Microwave-Hot Air Drying (MW-HAD)

Fresh Cordyceps militaris (100 g) was firstly dried in a microwave oven (XMJD65 W-2,
Jiequan Microwave Co., Nanjing, China) with a power output of 375 W until the moisture
content reached 66.7% (wet basis). The drying time in the microwave was 40 min. They
were then further processed by hot air drying until the sample’s moisture fell below 9.0%
(wet basis).

2.3. Free Amino Acids Assay

FAAs composition and concentration of dried samples were analyzed by an Agilent
1100 liquid chromatograph according to Lan et al. [26]. Sample powders (1.0 g) with 25 mL
of 5% trichloroacetic acid (TCA) were extracted with ultrasonic waves for 20 min. The
solution was left at room temperature (about 20 ◦C) for 2 h then centrifuged (10,000× g,
30 min) and filtered. The collected liquid was used for further detection.

2.4. 5′-Nucleotides Assay

5′-Nucleotides of dried samples were detected following the method of Pei et al. [27]
with some modifications; 0.5 g of sample powder was homogenized with distilled water
and then boiled for 1 min. After the mixture centrifugation (4500× g, 15 min), the obtained
supernatant was filtered through a 0.22 µm filter membrane and then used for analysis.
The 5′-nucleotides were determined using a Waters 1525 EF HPLC system fitted with
the Sunfire C18 column (4.6 mm × 250 mm, 5 µm) and a UV detector. The eluents were
methanol/distilled water/H3PO4 (5/95/0.05, v/v/v) at a flow rate of 0.8 mL/min, and the
UV detector wavelength was at 254 nm.
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2.5. Equivalent Umami Concentration (EUC)

EUC represented the equivalent concentration of monosodium glutamate (MSG)
provided by a mixture of umami amino acids and 5′-nucleotides. The value was calculated
by the following equation [28]:

EUC = Σaibi + 1218(Σaibi)
(
Σajbj

)
(1)

where the EUC value was expressed in terms of g MSG/100 g; ai was the content (g/100 g)
of Asp or Glu; aj was the content (g/100 g) of 5′-AMP, 5′-GMP or 5′-IMP; bi was the relative
umami concentration (RUC) of Asp (0.077), Glu (1) related to MSG; bj was the RUC of
5′-AMP (0.18), 5′-GMP (2.3), and 5′-IMP (1). The synergistic constant based on the content
was 1218 (g/100 g).

2.6. GC-MS Analysis

The volatile compounds of dried Cordyceps militaris were extracted by head space solid
phase microextraction (HS-SPME) and detected using a GC-MS instrument (Trace ISQ,
Thermofisher, Waltham, MA, USA) with a DB-5 MS column (30 m × 0.25 mm × 0.25 µm)
following the method of Wu et al. [20] with a slight modification.

The sample (0.5 g) with 1,2-dichlorobenzene solution (internal standard,
10 µL, 5 mg/500 mL) was added into a 20 mL glass vial. The fiber (DVB/CAR/PDMS)
was used to extract the volatiles from the vial in a thermostatic water bath at 55 ◦C for
30 min. Then, the fiber was inserted into the GC injection port and desorbed at 250 ◦C for
7 min. The oven temperature program employed was set at 40 ◦C initially and kept for
3 min, raised to 70 ◦C at 3 ◦C/min, then increased to 180 ◦C at 4 ◦C/min and maintained
for 2 min, then finally 15 ◦C/min to 240 ◦C. The flow rate of helium was 1 mL/min. The
mass spectra were obtained in an electron ionization at 70 eV and scanned in a range of
35–350 amu. The ionization source temperature was set at 200 ◦C. Volatiles were identified
on the base of a comparison of mass spectra with the spectral data from NIST 11 and
linear retention indexes (LRI) with values from databases or the literature. The LRIs of
volatiles were calculated by the n-alkane standard under the same conditions. Volatile
concentrations were calculated from the GC peak area of the samples related to that of the
internal standard [29].

2.7. Odor Activity Value (OAV)

The OVA was the ratio of the measured concentration of flavor substances in the
samples to its odor threshold value in water obtained from the literature [30]. The substance
with OAV ≥ 1 had a contribution to the dried Cordyceps militaris aroma [31].

2.8. GC-IMS Analysis

The volatile components of dried Cordyceps militaris were determined by a GC-IMS
instrument (FlavourSpec®, Dortmund, Germany) equipped with an autosampler, following
Hou et al. [23]; 0.5 g of finely ground dried power with 5 mL of purified water was put
into a 20 mL headspace bottle. The mixture was treated with ultrasound for 30 min for
dissolution. Subsequently, the sample was incubated at 55 ◦C for 30 min. After that, 0.5 mL
of headspace was injected into the injector through a heated syringe (85 ◦C). Then, an
MXT-5 column (15 m × 0.53 mm × 1 µm) at 60 ◦C (column temperature) was used to
separate the volatiles, a N2 (99.99%) carrier gas was used. The flow rate was as follows:
2 mL/min for 2 min, 10 mL/min for 8 min, 100 mL/min for 10 min, 150 mL/min for 10 min.

2.9. Statistical Analysis

Data are shown as means ± standard deviation (SD) by triplicate experiments. Anal-
ysis of variance (significance level p < 0.05) and the correlation analysis were carried out
by SPSS 23.0 (SPSS Inc., Chicago, IL, USA). GC-IMS data were performed using VOCal
software, three plug-ins, and library search software which could analyze samples from
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different angles. The three plug-ins included the reporter plug-in, gallery plot plug-in, and
dynamic principal component analysis (PCA) plug-in. The first one was directly applied
for the comparison of spectral differences between samples. The second one was used to
compare the differences of flavor fingerprint. The third one was used for cluster analysis.

3. Results and Discussion
3.1. Free Amino Acids of Cordyceps militaris under Different Drying Methods

As shown in Table 1, 17 free amino acids (FAAs) were identified in the four dried
Cordyceps militaris. The total content of FAAs in dried Cordyceps militaris ranged from
36.11 mg/g to 41.55 mg/g. The changes in amino acid content in the mushrooms were
mainly caused by the release of amino acids, protein degradation, Strecker degradation of
FAAs, or the Maillard reaction relating to FAAs and reducing sugars [27]. The content of
total FAAs was the highest in HAD samples and the lowest in VFD samples, as freezing at
the low temperature might prevent protein degradation to a certain extent, and dehydration
might cause a loss of FAAs [32]. Similar results had been reported by Li et al. [13], in which
the total number of FAAs in Pleurotus eryngii from the freezing drying process was lower
than that from HAD and the vacuum drying process.

Table 1. Content of free amino acids in Cordyceps militaris from different drying methods.

Free Amino
Acids 1

Content (mg/g)

HAD VFD VD MW-HAD

Asp 2.03 ± 0.02 a 1.59 ± 0.05 b 1.39 ± 0.09 c 1.69 ± 0.05 b

Glu 6.78 ± 0.03 a 5.28 ± 0.06 c 3.71 ± 0.08 d 6.22 ± 0.04 b

Ser 1.09 ± 0.01 b 1.07 ± 0.01 b 1.10 ± 0.02 b 1.13 ± 0.01 a

His 0.90 ± 0.02 c 1.11 ± 0.01 b 0.73 ± 0.04 d 1.60 ± 0.02 a

Gly 0.83 ± 0.02 b 0.82 ± 0.04 b 1.05 ± 0.04 a 0.84 ± 0.04 b

Pro 1.64 ± 0.02 d 2.20 ± 0.00 c 2.44 ± 0.01 a 2.35 ± 0.01 b

Arg 2.78 ± 0.02 a 2.52 ± 0.04 c 2.82 ± 0.02 a 2.67 ± 0.02 b

Ala 10.85 ± 0.02 a 8.55 ± 0.03 d 10.49 ± 0.01 b 8.64 ± 0.03 c

Tyr 2.07 ± 0.02 a 1.79 ± 0.01 b 1.60 ± 0.03 c 2.06 ± 0.04 a

Cys-s 0.02 ± 0.01 a 0.01 ± 0.00 a 0.00 ± 0.00 a 0.01 ± 0.00 a

Thr 4.08 ± 0.02 a 3.66 ± 0.04 b 3.65 ± 0.04 b 3.22 ± 0.02 c

Val 3.14 ± 0.02 c 2.88 ± 0.02 d 3.60 ± 0.04 a 3.32 ± 0.02 b

Met 0.28 ± 0.03 a 0.19 ± 0.03 b 0.12 ± 0.02 b 0.14 ± 0.04 b

Ile 0.42 ± 0.04 c 0.56 ± 0.03 b 0.66 ± 0.04 a 0.70 ± 0.02 a

Phe 1.17 ± 0.04 a 0.79 ± 0.02 c 0.99 ± 0.04 b 0.94 ± 0.03 b

Leu 1.31 ± 0.03 b 1.21 ± 0.03 c 1.43 ± 0.03 a 1.45 ± 0.03 a

Lys 2.16 ± 0.03 a 1.88 ± 0.02 c 1.98 ± 0.04 b 1.80 ± 0.04 d

MSG-like 8.82 ± 0.01 a 6.87 ± 0.11 c 5.10 ± 0.17 d 7.92 ± 0.08 b

Sweet 16.84 ± 0.08 a 14.09 ± 0.12 c 16.29 ± 0.11 b 13.84 ± 0.10 d

Bitter 10.01 ± 0.15 b 9.27 ± 0.20 c 10.34 ± 0.18 b 10.81 ± 0.14 a

Tasteless 4.24 ± 0.05 a 3.67 ± 0.03 c 3.58 ± 0.07 c 3.86 ± 0.08 b

Total 41.55 36.11 37.75 38.78
1 MSG-like (monosodium-glutamate-like), Asp + Glu. Sweet, Ala + Ser + Thr + Gly. Bitter, Arg + Met + Ile + His +
Phe + Leu + Val. Tasteless, Lys + Tyr. Results were given as means ± SD, n = 3. Different superscripts (a–d) in the
same row were significantly different (p < 0.05). HAD, hot air drying; VFD, vacuum freeze drying; VD, vacuum
drying; MW-HAD, microwave with hot air drying.

Amino acids were important and critical taste components in edible mushrooms.
FAAs were divided into four categories on the basis of their taste characteristics: MSG-like
or umami, sweet, bitter, and tasteless amino acids [13]. The MSG-like or umami taste,
including Glu and Asp, was the most typical mushroom taste [33,34]. The content of MSG-
like amino acids was relatively higher in HAD samples (8.82 mg/g) than other samples.
The lowest concentration of MSG-like amino acids was detected in VD samples (5.10 mg/g).
Results indicated that HAD treatment was better at preserving MSG-like amino acids
than other drying methods. It was reported that MSG-like and sweet components mainly
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contributed to the natural taste of mushroom [35]. Ala, Gly, Ser, and Thr were sweet amino
acids [16]. The contents of sweet amino acids in the four samples ranged from 13.84 mg/g
to 16.84 mg/g, and the highest level was detected in HAD samples. From Table 1, Ala was
the most abundant sweet amino acid in dried Cordyceps militaris, accounting for 60.68% to
64.42%. The MW-HAD samples had the highest level of bitter amino acids and the lowest
level of sweet amino acids. However, the bitter attribute from bitter substances might be
masked by the sweetness produced by sweet components [35].

3.2. 5′-Nucleotides of Cordyceps militaris under Different Drying Methods

As shown in Table 2, five types of 5′-nucleotides (5′-CMP, 5′-AMP, 5′-UMP, 5′-GMP,
5′-IMP) were detected in dried Cordyceps militaris. Total 5′-nucleotides contents in samples
from four drying methods ranged from 7.99 mg/g to 8.33 mg/g, while the highest was
found in MW-HAD samples. Among all five 5′-nucleotides, it could be observed that
5′-IMP was slightly effected by different drying methods. Moreover, 5′-UMP levels were
the highest and accounted for 58.10% to 72.15% of total 5′-nucleotides.

Table 2. Content of 5′-nucleotides in Cordyceps militaris from different drying methods.

5′-Nucleotides 1
Content (mg/g)

HAD VFD VD MW-HAD

5′-CMP 1.15 ± 0.11 ab 1.06 ± 0.07 b 1.55 ± 0.29 a 1.31 ± 0.15 ab

5′-AMP 1.06 ± 0.07 a 0.62 ± 0.11 b 0.68 ± 0.19 b 1.15 ± 0.12 a

5′-UMP 5.26 ± 0.19 b 5.96 ± 0.05 a 5.04 ± 0.20 bc 4.84 ± 0.13 c

5′-GMP 0.42 ± 0.10 b 0.53 ± 0.11 b 0.65 ± 0.14 b 0.98 ± 0.18 a

5′-IMP 0.11 ± 0.00 a 0.09 ± 0.04 a 0.07 ± 0.01 a 0.05 ± 0.02 a

MSG-like 5′-nucleotides 1.59 ± 0.18 b 1.25 ± 0.18 b 1.40 ± 0.35 b 2.19 ± 0.04 a

Flavor 5′-nucleotides 0.53 ± 0.11 b 0.62 ± 0.06 b 0.72 ± 0.15 b 1.03 ± 0.16 a

Total 8.00 8.26 7.99 8.33
1 5′-CMP, 5′-cytosine monophosphate; 5′-AMP, 5′-adenosine monophosphate; 5′-UMP, 5′-uridine monophosphate;
5′-GMP, 5′-guanosine monophosphate; 5′-IMP, 5′-inosine monophosphate. MSG-like 5′-nucleotides: 5′-AMP +
5′-IMP + 5′-GMP; Flavor 5′-nucleotides: 5′-GMP + 5′-IMP. Different letters (a–c) in the same row represented
significantly different (p < 0.05).

5′-nucleotides were reported to contribute to MSG-like taste [5]. 5′-AMP provided
the sweet taste and was a bitterness inhibitor with the ability to sweeten and diminish
sour, astringent, bitter taste [36]. 5′-GMP had a meaty note and could enhance the flavor
with its umami taste stronger than MSG [37]. Moreover, 5′-IMP was another taste-active
compound in mushrooms, and it could enhance the flavor with other nucleotides [27].
As for MSG-like 5′-nucleotides, their contents were in the range of 1.25–2.19 mg/g in the
four dried Cordyceps militaris samples. The highest content of MSG-like 5′-nucleotides was
detected in MW-HAD samples. The flavor 5′-nucleotides (5′-GMP + 5′-IMP) levels ranged
from 0.53 mg/g to 1.03 mg/g, while the highest level was found in MW-HAD treatment.

3.3. EUC of Cordyceps militaris under Different Drying Methods

The umami taste of edible mushrooms could be enhanced by the cooperative effect of
MSG-like amino acids and 5′-nucleotides [5,38]. The EUC value was used to evaluate the
synergistic effect on umami character. From Figure 1, the EUC values of dried Cordyceps
militaris ranged from 79.30 to 195.43 g MSG/100 g. EUC values could be divided into four
levels on the basis of MSG/100 g: <10 g, 10–100 g, 100–1000 g, >1000 g [39]. EUC values of
VFD and VD samples were at the second level. HAD and MW-HAD treatment increased
the EUC values to the third level. As stated previously, Cordyceps militaris dried by HAD
had the most MSG-like amino acids. MW-HAD generated the highest content of 5′-AMP
and 5′-GMP. Among the four samples, Cordyceps militaris treated by MW-HAD had the
highest EUC value of 195.43 g MSG/100 g, which indicated that MW-HAD was a potential
drying technology for enhancing the umami intensity of dried Cordyceps militaris.
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Figure 1. EUC value of Cordyceps militaris in different drying methods. Different lowercase (a, b)
indicates significantly different (p < 0.05).

3.4. The Volatile Compounds of Cordyceps militaris under Different Drying Methods by GC-MS

As shown in Table 3 and Figure 2, 93 flavor substances were identified in dried Cordy-
ceps militaris, including 19 aldehydes, 12 alcohols, 20 ketones, 14 esters, 20 hydrocarbons,
3 pyrazines, and 5 others. The total concentration of all flavor substances was different in
samples processed by different drying methods. For VFD process, 38 flavor substances
were identified, and the amounts of total volatiles were significantly higher than those
in other dried samples. We could conclude that VFD treatment contributed to the reten-
tion of flavor substances in Cordyceps militaris. In our study, 1-octen-3-one, 3-octanone,
and 1,3-octadiene were the most plentiful components in VFD samples which accounted
for 93.95% of the total concentration of volatiles. Our result was similar to the previous
study that 1-octen-3-ol, 3-octanone, 1,3-octadiene, and 3-octanol were detected as the most
abundant components in freeze-dried Cordyceps militaris [20]. There were 51, 61, and
60 kinds of flavor substances detected in HAD, VD, and MW-HAD samples, respectively.
VD-treated samples showed a lower concentration of total volatiles compared with those
of HAD samples at a constant temperature, indicating that the vacuum process promoted
the degradation or evaporation of flavor substances.
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Table 3. Volatile compounds of Cordyceps militaris for different drying methods detected by GC-MS.

NO. Compound LRI 1 LRI 2 ID 3
Concentrations (µg/kg)

HAD VFD VD MW-HAD

Aldehydes

1 Pentanal 702 705 MS, LRI 92.18 ± 0.23 a 76.12 ± 0.20 b 7.63 ± 0.86 c 6.57 ± 0.68 c

2 Hexanal 816 803 MS, LRI 0.38 ± 0.28 c / 4.91 ± 1.80 b 15.42 ± 1.99 a

3 Heptanal 919 912 MS, LRI 0.73 ± 0.58 ab / 4.47 ± 3.05 a 2.71 ± 0.42 ab

4 Methional 925 903 MS, LRI 4.74 ± 0.54 a 2.65 ± 0.12 b / /
5 (E)-2-Heptenal 974 960 MS, LRI 2.64 ± 0.20 b 2.10 ± 0.03 c 1.02 ± 0.05 d 6.63 ± 0.06 a

6 Benzaldehyde 979 986 MS, LRI 9.80 ± 0.89 a 9.89 ± 0.84 a 3.37 ± 0.70 b 3.57 ± 0.67 b

7 Octanal 1023 1001 MS, LRI 3.26 ± 1.53 a / 1.16 ± 0.22 b 3.37 ± 0.04 a

8 Benzeneacetaldehyde 1064 1041 MS, LRI 98.57 ± 1.74 b 70.60 ± 4.58 a 6.76 ± 0.07 c 5.83 ± 0.84 c

9 (E)-2-Octenal 1078 1058 MS, LRI 6.32 ± 1.12 b 38.68 ± 0.27 a 3.22 ± 0.44 c 6.82 ± 0.69 b

10 2-Isopropyl-5-methylhex-
2-enal 1122 1106 MS, LRI / 0.19 ± 0.12 a / /

11 Nonanal 1125 1121 MS, LRI 25.95 ± 0.43 b 3.91 ± 0.60 c 4.89 ± 1.04 c 38.35 ± 2.98 a

12 2-Phenylpropenal 1177 1150 MS, LRI 1.56 ± 0.18 a / 0.21 ± 0.02 b nd
13 2-Nonenal 1181 1159 MS, LRI 1.61 ± 0.34 b / 1.49 ± 0.04 b 2.57 ± 0.14 a

14 Decanal 1229 1210 MS, LRI 0.90 ± 0.42 b 1.25 ± 0.19 b 0.78 ± 0.11 b 2.39 ± 0.13 a

15 2,4-Nonadienal 1239 1208 MS, LRI 1.92 ± 0.36 a / 0.59 ± 0.13 b 0.27 ± 0.20 bc

16 (E)-2-Decenal 1286 1259 MS, LRI / / 0.42 ± 0.07 b 1.86 ± 0.95 a

17 2-Phenyl-2-butenal 1292 1273 MS, LRI 1.18 ± 0.14 ab / 0.18 ± 0.02 ab 2.08 ± 1.58 a

18 Undecanal 1332 1319 MS, LRI 0.20 ± 0.04 b / 0.10 ± 0.02 c 0.26 ± 0.01 a

19 (E,E)-2,4-Decadienal 1344 1340 MS, LRI 0.71 ± 0.36 a / / /
Subtotal 252.65 205.39 41.20 98.70

Alcohols

20 (Z)-2-Penten-1-ol 733 746 MS, LRI 0.81 ± 0.64 a 0.06 ± 0.02 b / 0.03 ± 0.01 b

21 1-Pentanol 794 769 MS, LRI / / 0.57 ± 0.22 a nd
22 1-Hexanol 890 865 MS, LRI 11.03 ± 1.42 a 13.09 ± 3.76 a 19.34 ± 7.33 a 0.60 ± 0.33 b

23 (E)-2-Hepten-1-ol 990 986 MS, LRI 0.27 ± 0.03 b 0.07 ± 0.02 c 1.70 ± 0.06 a /
24 3-Octanol 1019 996 MS, LRI / 56.64 ± 5.38 a / /
25 (E)-2-Octen-1-ol 1090 1069 MS, LRI 3.89 ± 0.48 a / 3.92 ± 0.72 a 4.68 ± 1.68 a

26 1-Octanol 1094 1070 MS, LRI 2.57 ± 0.97 b 17.56 ± 3.01 a 3.23 ± 0.81 b 3.05 ± 1.09 b

27 Phenylethyl alcohol 1137 1110 MS, LRI 0.95 ± 0.43 a / 0.18 ± 0.06 b 0.21 ± 0.02 b

28 (E)-3-Nonen-1-ol 1171 1143 MS, LRI 0.50 ± 0.17 a / 0.50 ± 0.02 a 0.14 ± 0.03 b

29 2-Camphanol 1186 1173 MS, LRI / / 0.24 ± 0.04 a /
30 1-Nonanol 1195 1172 MS, LRI 5.64 ± 0.66 a 3.01 ± 0.14 b 2.09 ± 0.15 c 2.52 ± 0.13 bc

31 2-Isopropyl-5-
methylcyclohexan-1-ol 1201 1176 MS, LRI / / / 0.20 ± 0.01 a

Subtotal 25.66 90.43 31.77 11.43

Ketones

32 2-Hexanone 762 788 MS, LRI / / 0.10 ± 0.00 b 3.00 ± 0.49 a

33 3-Heptanone 902 894 MS, LRI nd 0.43 ± 0.14 a / /
34 6-Methyl-2-heptanone 970 956 MS, LRI 0.65 ± 0.16 ab 1.17 ± 0.38 a 0.21 ± 0.02 b 1.40 ± 0.55 a

35 1-Octen-3-one 996 975 MS, LRI 13.94 ± 0.65 b 563.39 ±
58.16 a / 4.72 ± 0.98 b

36 3-Octanone 1005 988 MS, LRI / 5716.93 ±
32.59 a 0.25 ± 0.01 b /

37 3-Octen-2-one 1058 1040 MS, LRI 3.75 ± 0.31 b 6.06 ± 1.54 a 3.07 ± 0.39 b 3.68 ± 0.23 b

38 2-Nonanone 1111 1083 MS, LRI / 1.42 ± 0.10 a / 0.64 ± 0.15 b

39 (E,E)-3,5-Octadien-2-one 1114 1098 MS, LRI / 10.17 ± 1.31 a / /
40 Isophorone 1141 1122 MS, LRI / / 0.59 ± 0.07 a /
41 2-Nonen-4-one 1146 1140 MS, LRI / / 1.41 ± 0.19 a 1.50 ± 0.37 a

42 (E)-3-Nonen-2-one 1160 1122 MS, LRI / / / 0.07 ± 0.01 a

43 Camphor 1167 1139 MS, LRI / 0.56 ± 0.38 a 0.47 ± 0.01 ab 0.54 ± 0.20 a
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Table 3. Cont.

NO. Compound LRI 1 LRI 2 ID 3
Concentrations (µg/kg)

HAD VFD VD MW-HAD

Aldehydes

44 1-(4-Methylphenyl)-
ethanone 1193 1190 MS, LRI / / 1.45 ± 0.01 a /

45 1-(3-Methylphenyl)-
ethanone 1206 1182 MS, LRI / / 3.56 ± 0.08 a /

46 2-Decanone 1213 1190 MS, LRI / / 0.32 ± 0.03 b 0.45 ± 0.05 a

47 3-Decen-2-one 1262 1243 MS, LRI / / / 1.13 ± 0.73 a

48
2-Methylene-5-(1-

methylethyl)-
Cyclohexanone

1272 1238 MS, LRI / / 0.34 ± 0.04 a /

49 Carvenone 1279 1253 MS, LRI / / 0.30 ± 0.05 a /
50 2-Undecanone 1316 1296 MS, LRI 10.41 ± 0.96 b 14.62 ± 2.27 a 4.99 ± 0.61 c 8.95 ± 0.32 b

51 Geranyl acetone 1474 1449 MS, LRI 1.46 ± 0.17 ab 2.29 ± 0.73 a 0.67 ± 0.04 b 1.78 ± 0.09 a

Subtotal 30.21 6317.04 17.73 27.86

Esters

52 Methyl butyrate 741 721 MS, LRI / / / 0.92 ± 0.13 a

53 Methyl 2-methylbutyrate 796 770 MS, LRI / / 0.07 ± 0.01 b 0.25 ± 0.13 a

54 Heptyl alcohol formate 992 1039 MS, LRI / / 10.05 ± 1.98 a /
55 Ethyl octanoate 1219 1178 MS, LRI 0.65 ± 0.27 b 1.25 ± 0.02 a / /
56 Ethenyl hexanoate 1242 1244 MS, LRI / / / 0.70 ± 0.26 a

57
3-Hydroxy-2,2,4-
trimethylpentyl

isobutyrate
1374 1380 MS, LRI / / / 0.21 ± 0.07 a

58 γ-Nonalactone 1386 1363 MS, LRI 0.04 ± 0.01 b / / 0.09 ± 0.02 a

59 (2-Ethyl-3-hydroxyhexyl)
2-Methylpropanoate 1397 1373 MS, LRI 0.13 ± 0.01 b / 0.14 ± 0.04 b 0.39 ± 0.13 a

60 5-Hydroxy-2-decenoic
acid Lactone 1502 1499 MS, LRI / / 0.28 ± 0.09 a 0.14 ± 0.06 a

61
2,2,4-Trimethyl-1,3-

pentanediol
diisobutyrate

1616 1591 MS, LRI / / / 0.24 ± 0.04 a

62 Methyl Pentadecanoate 1863 1820 MS, LRI 1.05 ± 0.22 a / / 0.24 ± 0.02 b

63 Dibutyl phthalate 1896 1922 MS, LRI 0.82 ± 0.09 a / 1.30 ± 0.53 a /
64 Ethyl Pentadecanoate 1932 1890 MS, LRI 0.70 ± 0.38 a 0.63 ± 0.17 a 0.31 ± 0.20 ab /
65 Methyl hexadecanoate 1966 1927 MS, LRI 4.87 ± 1.21 a 1.20 ± 0.65 b 1.41 ± 0.24 b 1.46 ± 0.33 b

Subtotal 8.26 3.08 13.56 4.64

Hydrocarbons

66 1,3-Octadiene 855 826 MS, LRI / 385.57 ±
53.09 a / /

67 p-Xylene 884 875 MS, LRI 0.54 ± 0.15 a / 0.22 ± 0.01 b 0.51 ± 0.08 a

68 2-Methyl-2-bornene 1035 1021 MS, LRI 6.24 ± 0.95 b 11.34 ± 0.69 a 0.29 ± 0.08 c 0.89 ± 0.23 c

69 p-Cymene 1042 1023 MS, LRI / / 1.26 ± 0.24 a /
70 4-methyl-1-Undecene 1069 1085 MS, LRI / / 0.15 ± 0.05 a /
71 5-Methyldecane 1075 1057 MS, LRI 1.34 ± 0.18 a 0.91 ± 0.35 a 0.51 ± 0.23 a 1.08 ± 0.56 a

72 2-Methyldecane 1083 1061 MS, LRI 7.57 ± 1.40 a 1.53 ± 0.66 bc / 2.70 ± 1.07 b

73 3-Methyldecane 1089 1069 MS, LRI / 65.21 ± 6.44 a / /
74 3,5-Dimethyl-Undecane 1221 1207 MS, LRI 5.35 ± 1.64 a / / /
75 1-Methyl-Naphthalene 1319 1325 MS, LRI / / / 0.16 ± 0.12 a

76 3-Methyl-tridecane 1394 1372 MS, LRI 1.15 ± 0.60 b 4.54 ± 2.29 a 0.32 ± 0.02 b /
77 (Z)-3-Tetradecene 1417 1384 MS, LRI 0.37 ± 0.02 a / 0.14 ± 0.04 b /
78 α-Himachalene 1436 1429 MS, LRI / / / 0.76 ± 0.18 a

79 3-Methyl-pentadecane 1597 1570 MS, LRI 1.18 ± 0.48 b 3.40 ± 1.67 a 0.45 ± 0.05 b 0.39 ± 0.07 b
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Table 3. Cont.

NO. Compound LRI 1 LRI 2 ID 3
Concentrations (µg/kg)

HAD VFD VD MW-HAD

Aldehydes

80 5-Phenylundecane 1660 1626 MS, LRI / / 0.08 ± 0.02 a /
81 Undecyl-cyclopentane 1685 1656 MS, LRI 0.66 ± 0.29 a / / /
82 3-Phenyl-undecan 1692 1656 MS, LRI / / 0.24 ± 0.00 a /
83 2-Phenyl-undecan 1731 1692 MS, LRI / / / 0.22 ± 0.08 a

84 6-Phenyldodecane 1755 1719 MS, LRI / / / 0.15 ± 0.02 a

85 Cembrene 1881 1923 MS, LRI 1.90 ± 1.24 a / 0.72 ± 0.10 ab 0.43 ± 0.10 ab

Subtotal 26.30 472.50 4.38 7.29

Pyrazines

86 Tetramethyl-pyrazine 1103 1095 MS, LRI / / / 0.92 ± 0.26 a

87 2,3,5-Trimethyl-6-
ethylpyrazine 1174 1163 MS, LRI / / / 0.36 ± 0.05 a

88 2,5-Dimethyl-3-(3-
methylbutyl)pyrazine 1335 1310 MS, LRI 0.22 ± 0.09 b / 0.31 ± 0.02 b 0.55 ± 0.09 a

Subtotal 0.22 0.00 0.31 1.83

Others

89 2,4-Di-tert-butylphenol 1542 1512 MS, LRI 0.66 ± 0.42 a 0.75 ± 0.18 a 0.19 ± 0.07 a 0.41 ± 0.16 a

90 4-Tert-Octylphenol 1641 1629 MS, LRI / / 3.43 ± 1.98 a nd

91 Butylated
Hydroxytoluene 1531 1483 MS, LRI 0.59 ± 0.40 b 4.20 ± 0.17 a 0.15 ± 0.01 b 0.61 ± 0.27 b

92 Benzothiazole 1249 1224 MS, LRI / 1.38 ± 0.15 a / /

93 1,2,3,4-
Tetramethoxybenzene 1560 1533 MS, LRI 2.30 ± 1.25 a / / /

Subtotal 3.55 6.33 3.77 1.02
1 LRI: Linear retention indices calculated by n-alkanes. 2 LRI: LRI from the NIST11 database. 3 ID: identification
methods; MS: mass spectrum fitted to NIST11, WILEY 07 Library; LRI: LRIs of the compounds agreed with
database. Different letters (a–d) in the same row meant a significant difference (p < 0.05). “/”, not detected.

The predominant flavor substances in Cordyceps militaris processed by the four dry-
ing methods were aldehydes, ketones, and alcohols. The concentrations of aldehydes,
ketones, and alcohols in HAD, VFD, VD, and MW-HAD were 308.85 µg/kg, 6612.86 µg/kg,
90.70 µg/kg, and 137.99 µg/kg, respectively. Aldehydes contributed to the overall aroma
because they possessed a low odor threshold [40]. The highest content of total aldehy-
des was detected in HAD samples (252.65 µg/kg). The reason might be that aldehydes
were primarily formed from the degradation and oxidation of unsaturated fatty acids,
and a certain drying temperature promoted the production of aldehydes [39]. The more
abundant aldehydes of dried Cordyceps militaris contained pentanal, benzeneacetaldehyde,
(E)-2-octenal, nonanal, and hexanal. Pentanal, which had an almond, fruity, and sweet
odor [41], was detected in the four samples, and its highest content was found in HAD
samples. Benzeneacetaldehyde, which was described as having a floral and honey-like
odor, was mainly produced by Strecker degradation of phenylalanine [42,43]. The highest
content of benzeneacetaldehyde was detected in HAD samples and then followed by VFD
samples. (E)-2-Octenal, which had a fruity note, was produced by the oxidation of fatty
acids [44]. The concentration of (E)-2-octenal in VFD was significantly higher than those
of other drying samples. The amounts of hexanal with a grass-like odor and nonanal
with a fatty and soapy odor were higher in MW-HAD samples than other products [43].
Methional, which had a boiled-potato-like odor, was previously reported as one of the
aroma-active components in pine-mushrooms [43]. Methional was only detected in HAD
and VFD samples, and the highest concentration was found in HAD process.

The typical flavor characteristic of edible mushrooms was mainly induced by a series
of C8 compounds, such as 3-octanone, 1-octen-3-one, 3-octanol, (E)-2-octen-1-ol, 1-octanol,
phenylethyl alcohol, (E)-2-octenal, and so on, which were mainly derived from the ox-
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idation of linoleic or linolenic acid [39,45]. 3-Octanone, which had a mushroom-like,
earthy, and fruity odor [16], was only detected in VFD and VD samples, and VFD samples
had the highest amount (5716.93 µg/kg). 1-Octen-3-one, described as a mushroom-like
odor [43], which was the typical compound of mushrooms, was formed by the enzymatic
degradation of linoleic and linolenic acids [46]. VFD samples had the highest amount
of 1-octen-3-one (563.39 µg/kg), followed by HAD samples (13.94 µg/kg). 3-Octanol,
which had a mushroom-like aroma [43], was only detected in VFD. (E)-2-Octen-1-ol with a
mushroom-like odor reached the highest content in MW-HAD samples [43]. 1-Octanol had
a chemical, sweet odor, and its highest content was detected in VFD. Phenylethyl alcohol,
which had a floral and sweet odor [47], was detected in HAD samples (0.95 µg/kg), VD
samples (0.18 µg/kg), and MW-HAD samples (0.21 µg/kg). The total amount of C8 com-
pounds in VFD was significantly higher than those in HAD, VD, and MW-HAD. This was
consistent with the literature that heat treatment might cause destructions of ketones and
alcohols through non-enzymatic and enzymatic reactions during the drying process [48].

Esters were produced by the esterification of alcohols and acids. The short-chain and
long-chain esters were reported to have a fruity odor and a slight fatty note, respectively [25].
VD samples had the highest level of esters. Hydrocarbons could result from decarboxylation
and cleavage of carbon–carbon bonds in fatty acids [49]. 1,3-Octadiene was the most
abundant compound and only detected at a high level in VFD samples (385.57 µg/kg).
Pyrazines, derived from the Maillard reaction during the drying process, were only detected
in HAD, VD, and MW-HAD samples [50]. MW-HAD samples had the most varieties and
the highest content of pyrazines, indicating that the microwave coupled with hot air
treatment facilitated the generation of pyrazines. Wang et al. [15] reported that intermittent
MW-HAD treatment attained a higher content of pyrazines compared to HAD in dried
shitake mushrooms. Although many types of esters, hydrocarbons, pyrazines, and other
components were identified, they might be regarded as unimportant contributors to the
odor of dried Cordyceps militaris samples due to their relatively low levels and high odor
threshold values [20,25].

3.5. OAVs of Aroma-Active Compounds of Cordyceps militaris under Different Drying Methods

OAV represented the contribution of each flavor compound to the overall aroma
profile. The compound with OAV more than 1 was considered to be responsible for the
aroma [31,47]. The OAVs of odorants obtained by GC-MS in dried Cordyceps militaris
samples are listed in Table 4. Twenty-one aroma-active compounds with OAVs ≥ 1 were
detected in samples. These compounds contained fourteen aldehydes, three alcohols, three
ketones, and one ester. Results revealed 15, 11, 14, and 16 aroma-active compounds in
HAD, VFD, VD, and MW-HAD samples, respectively. For HAD samples, 1-octen-3-one had
the highest OAV (871), followed by phenylethyl alcohol (48), 2,4-nonadienal (38), pentanal
(34), (E,E)-2,4-decadienal (26), nonanal (26), methional (24), benzeneacetaldehyde (16), and
2-nonenal (16). In VFD samples, 1-octen-3-one had the highest OAV (35212), followed by
3-octanone (267), pentanal (28), methional (13), (E)-2-octenal (13), and benzeneacetaldehyde
(11). For VD samples, 2-nonenal had the highest OAV (15), followed by 2,4-nonadienal (12).
In MW-HAD samples, 1-octen-3-one had the highest OAV (295), followed by nonanal (38),
2-nonenal (26), and phenylethyl alcohol (11). It could be observed that 1-octen-3-one and
3-octanone, associated with mushroom-like odor, were the crucial aroma-active substances
in dried Cordyceps militaris, especially for the samples processed by VFD.
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Table 4. Odor activity values (OAVs) of odorants in Cordyceps militaris processed by different drying methods.

Compound
Threshold

(µg/kg of Water) 1 Ref.
OAVs

HAD VFD VD MW-HAD

Aldehydes
Pentanal 2.7 [30] 34 28 3 2
Hexanal 4.5 [30] <1 / 1 3
Heptanal 2.8 [30] <1 / 2 1
Methional 0.2 [30] 24 13 / /

Octanal 0.7 [30] 5 / 2 5
Benzeneacetaldehyde 6.3 [30] 16 11 1 1

(E)-2-Octenal 3 [30] 2 13 1 2
Nonanal 1 [30] 26 4 5 38

2-Nonenal 0.1 [30] 16 / 15 26
Decanal 0.3 [30] 3 4 3 8

2,4-Nonadienal 0.05 [30] 38 / 12 5
(E)-2-Decenal 0.3 [30] / / 1 6

Undecanal 0.03 [30] 7 / 3 9
(E,E)-2,4-

Decadienal 0.027 [30] 26 / / /

Alcohols
1-Hexanol 5.6 [30] 2 2 3 <1
3-Octanol 18 [30] / 3 / /

Phenylethyl alcohol 0.02 [30] 48 / 9 11
Ketones

1-Octen-3-one 0.016 [50] 871 35212 / 295
3-Octanone 21.4 [30] / 267 <1 /

2-Undecanone 7 [50] 1 2 <1 1
Esters
Methyl

2-methylbutyrate 0.14 [30] / / <1 2

1 Odor threshold in water as reported in the literature reference (Ref.). “/”, not found in the sample.

In sum, different drying methods had a significant influence on the flavor substances
and aroma-active compounds of Cordyceps militaris. VFD samples had strong mushroom
odor. The changes of flavor characteristic in dried Cordyceps militaris might be associated
with drying conditions, including low temperature for VFD, vacuum evaporation for VD,
and relatively higher temperature for HAD and MW-HAD.

3.6. The Volatile Fingerprints of Cordyceps militaris under Different Drying Methods by GC-IMS

In our study, GC-IMS was applied to explore the flavor compounds in the four dried
Cordyceps militaris samples. The overhead view of flavor substances in different dried
samples is shown in Figure 3A. The ordinate and the abscissa represent the retention time
of GC and ion migration time, respectively [51]. Moreover, each point on the fingerprint
represents a volatile compound. The signal intensity of each compound mainly depends
on the color; red indicates high concentration and white indicates low concentration. The
darker the color, the greater the intensity and content of the compound. The variances of
flavor substances in different samples were mainly induced by the signal number, position,
ion signal intensity, and time of ion peaks [52]. From Figure 3A, the color point distribution
of volatiles in four groups of samples were different, and most of the signals appeared in
the retention time of 100–800 s and drift time of 1.0–2.0.
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dimensional spectrogram of volatiles; (B): Differential spectrogram of flavor substances).

The different comparison model was carried out to differentiate the four dried samples.
The HAD sample was taken as the control, and all the other samples were deducted from
the control (Figure 3B). If the flavor components were consistent, the background was white,
while a red color represented that the intensity of the compound was higher than that in
the control, and blue color represented lower. As shown in Figure 3B, the concentration
of VD volatiles was lower than that of the HAD sample, while the concentration of VFD
and MW-HAD volatiles was lower than that of the HAD and also somewhat higher than
the HAD sample within the drift time of about 1.0. When the drift time was in the range
of 1.0–1.5, the concentration of most of VFD volatiles was significantly higher than that
of the HAD sample, while the concentration of most of VD volatiles was lower than that
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of the HAD sample. In addition, most of the signals in the four dried Cordyceps militaris
samples were located at the retention time of 100–300 s, and some of them appeared at
the retention time of 500–700 s. It was reported that non-polar substances retained longer
on non-polar columns than polar substances [42]. The concentration of some non-polar
compounds in the VFD process was higher than that observed in other treatments. In all
the four drying methods, the concentration of most of the VFD volatile compounds was
higher than that of other drying methods. The improved intensity of some signals indicated
that VFD treatment could better preserve the flavor compounds, which was consistent with
the GC-MS results.

To further clarify the specific flavor substances in the four dried samples, the fin-
gerprint plot of GC-IMS with all the selected peaks was shown in Figure 4. A total of
67 signal peaks were tentatively detected, and 38 volatile compounds were identified
(fifteen aldehydes, four alcohols, seven ketones, seven esters, two furans, one terpene, and
two others). The unidentified components were expressed by numbers, and some volatiles
were identified with monomer (M) and dimer (D) in the fingerprint plot. This was also
observed in GC-IMS fingerprints of shiitake mushrooms [23,24].
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drying methods.

In the fingerprint plot, each row represents the signal peaks (volatile compounds)
detected in one sample, and each column exhibits the difference of flavor component in
different samples. As shown in Figure 4, limonene, 2-methylbutanal, 3-methylbutanal,
2-butylfuran, (E)-2-hexenal, (E)-2-octenal, and isobutyl butyrate were detected in all the
four dried samples. Among these substances, the concentration of limonene, (E)-2-octenal,
and isobutyl butyrate in VFD samples was relatively higher than those in other samples.
Phenylacetaldehyde and one unidentified compound (11) with higher signal intensity were
detected in both VFD and MW-HAD samples and marked as the purple region of their
characteristic aroma compounds. 1-Octen-3-ol, ethyl 3-methylbutyrate, 2-pentylfuran, butyl
formate M, butyl formate D, hexanal M, hexanal D, 2-butanone, pentanal M, pentanal D,
2-heptanone, octanal, heptanal M, heptanal D, (E)-2-heptenal M, (E)-2-heptenal D, nonanal
M, and nonanal D were detected in HAD samples and labelled as the orange region of
the samples’ characteristic compounds. A similar result was found in the report of Hou
et al. [23], which showed that HAD treatment could increase the content of aldehydes (such
as pentanal, hexanal, heptanal, (E)-2-heptenal) in dried shiitake mushrooms compared
with VFD. 1-Hexanol M, 1-hexanol D, 1-pentanol M, and 1-pentanol D were detected in
VD samples and labelled as the green area, which were the characteristic volatiles in the
fingerprint plot. From Figure 4, benzaldehyde, ethyl pentanoate, ethanol M, ethanol D,
methional, butyl lactate, 1-octen-3-one M, 1-octen-3-one D, ethyl acetate M, ethyl acetate
D, 3-octanone M, 3-octanone D, butanal, ethyl propanoate, 3-methyl-2-pentanone, and
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5-methyl-2(3H)-furanone were found in VFD samples and labelled as the red area of the
samples’ characteristic flavor compounds. Acetone and 2-methylpropanal were detected
in MW-HAD samples and marked as the yellow region of this samples’ characteristic
substances. Overall, the fingerprint spectra demonstrated that the flavor substances in
Cordyceps militaris from different drying methods were obviously different, and VFD
samples had a higher abundance of flavor compounds than other samples.

3.7. Correlation and PCA Analysis

The correlation analysis between dried Cordyceps militaris samples using the flavor
data obtained from GC-IMS is listed in Table 5. All the triplicate samples in the four drying
groups had a high value of Pearson’s correlation coefficient, indicating that Cordyceps mili-
taris in the same drying treatment had good repeatability. VFD exhibited a low correlation
coefficient with HAD and VD, thus the distinctions between VFD and HAD, as well as
VFD and VD were the largest. The correlation coefficient between VD and HAD, as well as
MW-HAD and VFD was relatively higher, thus the differences were smaller.

Table 5. Correlation between dried Cordyceps militaris samples obtained from GC-IMS.

Pearson’s Correlation Coefficient

HAD-1 HAD-2 HAD-3 VD-1 VD-2 VD-3 VFD-1 VFD-2 VFD-3 MW-
HAD-1

MW-
HAD-2

MW-
HAD-3

HAD-1 1 1.000 ** 0.999 ** 0.586 ** 0.584 ** 0.557 ** 0.045 0.042 0.045 0.417 ** 0.438 ** 0.400 **
HAD-2 1.000 ** 1 1.000 ** 0.596 ** 0.594 ** 0.567 ** 0.047 0.044 0.047 0.415 ** 0.435 ** 0.397 **
HAD-3 0.999 ** 1.000 ** 1 0.609 ** 0.607 ** 0.581 ** 0.048 0.045 0.048 0.426 ** 0.447 ** 0.409 **
VD-1 0.586 ** 0.596 ** 0.609 ** 1 1.000 ** 0.998 ** 0.150 0.148 0.145 0.478 ** 0.499 ** 0.486 **
VD-2 0.584 ** 0.594 ** 0.607 ** 1.000 ** 1 0.999 ** 0.151 0.149 0.146 0.476 ** 0.496 ** 0.482 **
VD-3 0.557 ** 0.567 ** 0.581 ** 0.998 ** 0.999 ** 1 0.158 0.156 0.153 0.473 ** 0.493 ** 0.481 **

VFD-1 0.045 0.047 0.048 0.150 0.151 0.158 1 1.000 ** 1.000 ** 0.636 ** 0.549 ** 0.536 **
VFD-2 0.042 0.044 0.045 0.148 0.149 0.156 1.000 ** 1 1.000 ** 0.633 ** 0.545 ** 0.533 **
VFD-3 0.045 0.047 0.048 0.145 0.146 0.153 1.000 ** 1.000 ** 1 0.637 ** 0.550 ** 0.538 **
MW-

HAD-1 0.417 ** 0.415 ** 0.426 ** 0.478 ** 0.476 ** 0.473 ** 0.636 ** 0.633 ** 0.637 ** 1 0.992 ** 0.976 **

MW-
HAD-2 0.438 ** 0.435 ** 0.447 ** 0.499 ** 0.496 ** 0.493 ** 0.549 ** 0.545 ** 0.550 ** 0.992 ** 1 0.992 **

MW-
HAD-3 0.400 ** 0.397 ** 0.409 ** 0.486 ** 0.482 ** 0.481 ** 0.536 ** 0.533 ** 0.538 ** 0.976 ** 0.992 ** 1

The superscript (**) indicates a significant difference at p < 0.01.

The multivariate analysis of PCA was applied to measure the differences among
the four dried Cordyceps militaris samples based on the flavor compounds obtained from
GC-IMS (Figure 5). The first two principal components explained 82% of the variation (PC1
explained 61%, and PC2 was 21%), which could reflect the most information relating to the
samples. In general, when the distances between samples were far apart, the difference
in volatiles was great, and if they were close, the difference was small. According to the
distribution of samples, it could be clearly found that HAD, VD, VFD, and MW-HAD
samples were well distinguished into four groups in the visualization, and the flavor
differences among samples in different drying methods were obvious. VFD could be
separated by the positive score values of PC1 and PC2. MW-HAD samples were located in
the bottom right area. HAD samples were distributed in the upper left area. VD samples
were located in the bottom left area. The results indicated that GC-IMS data could effectively
distinguish Cordyceps militaris samples with different drying treatments.
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4. Conclusions

This study conducted comparative analyses on taste components and flavor character-
istics in Cordyceps militaris dried by HAD, VFD, VD, and MW-HAD methods. The dried
Cordyceps militaris in the MW-HAD treatment had the highest levels of umami taste 5′-
nucleotides, bitter taste amino acids, and EUC value. GC-MS results revealed that 93 kinds
of volatiles were detected, of which 21 were aroma-active compounds with OAVs ≥ 1.
The main flavor substances in dried Cordyceps militaris were aldehydes, alcohols, and
ketones. Compared to HAD, VD, and MW-HAD, VFD treatment resulted in the highest
amount of total aroma compounds and C8 compounds associated with fresh mushroom-
like characteristics, which was better for the retention of flavor compounds. GC-IMS
results demonstrated that 67 signal peaks were detected, and 38 volatile compounds were
identified. VFD samples had higher signal intensities of aroma compounds in the flavor
fingerprint of GC-IMS. The difference of the characteristic flavor substances in the four
dried samples was obvious. The dynamic PCA analysis from GC-IMS data indicated
that Cordyceps militaris in different drying methods could be clearly distinguished from
each other. This study revealed that different drying methods played a crucial role in the
flavor quality of dried Cordyceps militaris. The results obtained provide information on
the flavor formation of dried Cordyceps militaris and the flavor enhancement to Cordyceps
militaris products.
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