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ABSTRACT

This present study investigated the effect of cold atmospheric plasma (CAP) pre-treatment on the quality of
ready-to-eat drunken red shrimp (Solenocera crassicornis) during chilled storage. The shrimp were pre-treated
with the CAP at 40 kV and 36 kH for 100 s in a plasma generating equipment before the drunken treatment
and compared with an untreated control sample. The results showed that the CAP pre-treatment significantly
inhibited the total viable count (TVC) values, total volatile basic nitrogen (TVB-N) content, and polyphenol
oxidase (PPO) activity of the drunken shrimp compared to the control treatment. Furthermore, the CAP pre-
treatment also significantly maintained the myofibrillar protein (MP) content, texture properties, and a more
stable histological structure of muscle fibers compared to the control. High-throughput sequencing results
confirmed that the CAP pre-treatment significantly reduced the diversity and abundance of several bacteria in
the shrimp. Gas chromatography-ion mobility spectrometry (GC-IMS) analysis detected that the CAP pre-
treatment effectively maintained the stability of volatile organic compounds (VOCs). These findings provide
valuable theoretical support for the processing and storage of drunken shrimp.

Introduction

various seasonings such as spices, ginger, chilies, soy sauce, sugar, and
salt. Yellow and white wine have been reported to effectively inhibit the

Red shrimp (Solenocera crassicornis) is widely distributed in India,
Malaysia, Indonesia, Japan, and the South of the Yellow Sea in China,
prized not only for its high protein content but also for its rich mineral
content (such as zinc, selenium, and magnesium), as well as possessing a
variety of biological properties, including anti-hypertension, anti-
oxidation, immunostimulation, and anti-cardiovascular disease activ-
ities (Jin et al., 2018; Li et al., 2022). The classic shrimp product,
drunken shrimp, is highly esteemed by consumers in Southeast Asia for
its delectable taste and distinctive flavor. Drunken aquatic products are
typically processed by soaking in yellow, white, or rice wine along with

growth of microorganisms in drunken aquatic products. For instance,
Liao et al. (2020) found that rice wine effectively inhibited Norovirus and
Vibrio parahaemolyticus in curing mud snails without compromising the
quality of the snails. Similarly, sugar and salt are commonly used to
impart special flavors and exhibit excellent anti-bacterial effects in
ready-to-eat products (Dakal et al., 2014).

However, the spoilage of drunken shrimp often occurs during storage
due to microbial growth, including several aerobic mesophilic bacteria,
psychrotrophic bacteria, lactic acid bacteria, Pseudomonas, and Entero-
bacteriaceae (Bingol, et al., 2015). Adding large amounts of alcohol, salt,
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and sugar to control microorganisms may compromise the taste and
flavor of drunken shrimp products. High-temperature sterilization dur-
ing processing can heavily denature the proteins, altering the flavor,
texture, and characteristics of raw drunken products. Maintaining the
unique taste of raw drunken shrimp, preserving its flavor, and inhibiting
microbial growth have become major research challenges in the pro-
cessing of raw drunken aquatic products.

To address these challenges, researchers are exploring physical non-
thermal preservation techniques as safer and more effective alternatives
for aquatic products during processing and storage. These techniques
include irradiation, ultraviolet light, pulsed light, and ultrasound.
Among them, cold atmospheric plasma (CAP) treatment has emerged as
a highly sought-after non-thermal technology. CAP generates various
active particles, such as ions, electrons, radiation of different wave-
lengths, and free radicals, by applying diverse forms of energy (Zhu
et al., 2022). CAP treatment can induce changes in the secondary
structure of enzyme proteins, leading to enzyme inactivation (Nus et al.,
2021). Shiekh et al. (2021) found that CAP treatment effectively inhibits
the activity of endogenous enzymes involved in the browning reaction,
particularly polyphenol oxidase (PPO) and peroxidase. Additionally,
CAP pre-treatment can disrupt bacterial cell membranes, resulting in
cell inactivation, making it significant in microbial inactivation. Shiekh
and Benjakul (2020a) demonstrated that high-voltage CAP treatment
effectively reduced the growth and reproduction of several microor-
ganisms in Pacific white shrimp muscle. Moreover, Wang et al. (2022)
suggested that CAP pre-treatment provides significant sterilization ef-
fects on tilapia (O. mossambicus) fillets while minimizing product
impact. CAP treatment does not significantly affect the muscle structure
and texture of products but may induce the oxidation of proteins
(Jayasena et al., 2015; Roh et al., 2019), which can be crucial factors
affecting the volatile organic compounds (VOCs) of shrimp products.
Additionally, Ke et al. (2022) found that CAP pre-treatment induced the
oxidation of lipids, improving the VOCs of dry-cured black carp.

Despite the demonstrated usefulness of the CAP technique in pre-
serving quality and inhibiting microbial growth, little research has been
reported on the effects of CAP pre-treatment specifically on the quality
drunken aquatic products. The mechanism of action and its overall
impact remain unknown. Therefore, this study seeks to explore the ef-
fects of CAP pre-treatment on the maintenance of quality, inhibition of
microbial growth, and VOCs in ready-to-eat drunken shrimp during
storage at 4 °C.

2. Materials and methods
2.1. Materials

Fresh red shrimp (S. crassicornis) were acquired from a local aquatic
product market in Zhoushan, Zhejiang province, China. The shrimp had
an average length of 13 &+ 2 cm and an average weight of 26 + 3 g. To
ensure their freshness, the shrimps were immediately packed in an
incubator with block ice and transported to the laboratory within 30
min. Various ingredients were used in the study and obtained from local
markets in Zhoushan, Zhejiang province, China. These included com-
mercial yellow wine, white wine, soy sauce, sugar, and oyster sauce.
Additionally, reagents such as MgO powder, trichloroacetic acid, hy-
drochloric acid, maleic acid, ethanol, coomassie brilliant blue G-250,
DL-3,4-dihydroxyphenylalanine (p.-DOPA), phosphate buffer solution
(PBS), nutritional agar, paraformaldehyde fixative, and n-ketone C4-C9
were obtained from Sinopharm Group Chemical Reagent Co., Ltd. in
Shanghai, China.

2.2. Shrimp treatments
The fresh shrimps (200 pieces) were first rinsed on their surface

using sterile water and then divided randomly into two groups: the CAP
group, the shrimps underwent pre-treatment with the CAP at 40 kV and
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36 kH for 100 s (optimized conditions) using a piece of low-temperature
plasma equipment (Phenix BK 130/3, Phoenix Scientific Co., Ltd., USA);
and the control group, did not receive the CAP treatment. The CAP
equipment consisted of two parallel aluminum electrodes (155 mm in
outer diameter) with a distance of 75 mm. The reactive plasma species
were generated from atmospheric gas by using a high voltage trans-
former. A drunken liquid was prepared by mixing 43 % (v/v) yellow
wine (15 % alcohol), 10 % (v/v) soy sauce, 10 % (v/v) sugar, 1 % (v/v)
white wine, and 4 % (v/v) oyster sauce. Both the control and CAP group
shrimps were then immersed in a transparent food jar (280 mL) con-
taining the drunken liquid, with a shrimp-to-drunken liquid mass ratio
of 1:1.2. The resulting products were stored at 4°C for 12 d, and mea-
surements were taken every two days.

2.3. Total viable count (TVC) value analysis

The shrimp (25 g) was homogenized with 0.85 % sterile saline (225
mL) for 2 min. The homogenate was then used for 10-fold serial di-
lutions. For each dilution, 1 mL was plated on agar plates and incubated
aerobically at 30 °C for 72 h. The colony-forming units (CFU) per gram
of the shrimp sample was used to express the TVC value.

2.4. Determination of total volatile base nitrogen (TVB-N) content

A 10 g sample of shrimp muscle was homogenized (FJ200-SH,
Shanghai Hu Xi Industry Co., Ltd., Shanghai, China) with 75 mL of
distilled water. Subsequently, MgO powder (1 g) was introduced into the
shrimp muscle solution. The mixture was then transferred to an auto-
matic Kjeldahl nitrogen tester (K9840, Shandong Haineng Scientific
Instrument Co., Ltd., Shandong, China). The resulting distillate was
collected in a receiver bottle containing 10 mL of 2 % (w/v) boric acid
solution. Titration of the collected solution was performed using a 0.01
mol/L HCl solution until a color change from blue to pink occurred. The
volume of the HCl solution consumed during the titration was utilized to
calculate the TVB-N. The mg of TVB-N per 100 g of shrimp muscle was
used to express the TVB-N content.

2.5. Determination of myofibrillar protein (MP) content

The method described by Bertram et al. (2004) was employed to
measure the MP content. Briefly, 4 g of shrimp muscle was homogenized
in 40 mL of pre-cooled 20 mmol/L Tris-maleic acid buffer. The ho-
mogenate was then centrifuged (8000 x g for 10 min; TGL-21 M,
Shanghai Lu Xiangyi Centrifuge Instrument Co. Ltd., Shanghai, China).
The resulting precipitate was mixed with a 10-fold volume of pre-cooled
20 mmol/L Tris-maleic acid buffer, homogenized, and left to extract for
1 h. After another round of centrifugation, the supernatant was
collected. The concentration of MP (g/L) in the supernatant was quan-
tified using the Coomassie brilliant blue method as per Zhang et al.
(2020).

2.6. Texture profile analysis (TPA)

Following the method described by Zhang et al. (2020), the texture
properties of shrimp samples were measured. The second ventral
segment of the shrimp samples was assessed using a TA.XT PlusC texture
analyzer (Stable Micro Systems Ltd., Godalming, UK). The texture
analyzer was set with the following parameters: trigger force of 0.05 N,
compressed depth of 30 %, and compressed time of 2 sec. Each set of
measurements was replicated six times for accurate and reliable data.

2.7. Polyphenol oxidase (PPO) activity assay
The PPO activity of the shrimp samples was determined following

the method proposed by Kaur et al. (2017). A 2.5-fold volume of 50 mol/
L PBS solution (containing 1 mol/L NaCl, pH = 7) was mixed with the
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sample, and the mixture was then homogenized and centrifuged (10000
x g for 30 min). The resulting supernatant was used as the crude enzyme
solution for PPO determination. pL.-DOPA was used as the substrate. A
mixture of 0.2 mL crude enzyme solution and 2.8 mL 50 mol/L PBS
solution (containing 5.0 mol/L pL-DOPA, pH = 7) was prepared. PPO
activity was continuously monitored at 475 nm using a spectropho-
tometer (UV-2802; UNICO Instrument Co., Ltd., Shanghai, China), with
the enzyme-free buffer solution serving as the control. An increase in
absorbance of 0.001 per minute corresponded to one unit of enzyme
activity (U/min). The enzymatic activity (%) of the samples was denoted
as the ratio of the absorbance value of the enzymatic activity of the
measured samples to that of the control samples.

2.8. Scanning electron microscope (SEM) analysis

The shrimp samples were fixed in a 2.5 % glutaraldehyde solution at
room temperature for 24 h. Then, the samples were rinsed three times
with a PBS solution, with each rinse lasting 10 min. Subsequently, the
rinsed samples were dehydrated using graded ethanol concentrations
(30-100 %) for 15 min each. The dehydrated muscle tissues were then
dried in a critical point drier (SFD, Thar Instruments, Inc., Pennsylvania,
USA). Following that, the samples were treated with a gold coater (Eiko
IB3, JEOL Ltd., Tokyo, Japan) for 5 min before being observed using a
SEM (JSM-6390LV, JEOL Ltd., Tokyo, Japan).

2.9. High throughput sequencing analysis

2.9.1. Microbial extraction

The shrimp samples were collected on days 0, 6, and 12 (as repre-
sentatives) during chilled storage. Each shrimp was placed in a sterile
conical flask and mixed with nine times the volume of sterile saline. The
mixture was then incubated in a shaker at 300 r/min for 1 h. After in-
cubation, the resulting solution was filtered through three layers of
sterile gauze. Subsequently, the filtered solution was centrifuged for 15
min (12000 x g, 4°C). The resulting precipitate, containing the micro-
bial communities, was then used in the subsequent analysis.

2.9.2. DNA extraction and PCR amplification

The DNA extraction from the microbial communities was carried out
following the instructions of the FastDNA® Spin kit (MP Biomedicals, U.
S.). The extracted DNA’s purity and concentration were assessed using
an ultra-micro spectrophotometer, and its integrity was evaluated
through 1 % agarose gel electrophoresis. Subsequently, the V3-V4 re-
gion of the 16S rRNA gene was amplified using primers 338F and 8062R.
The PCR products were analyzed by 2 % agarose gel electrophoresis to
verify successful amplification. After elution with Tris-HCl using the
AxyPrepDNA gel recovery kit (Axygen Biosciences, Union City, CA,
USA), the recovered PCR products were detected by gel electrophoresis.
Each sample group was replicated three times to ensure reliable and
consistent results.

2.9.3. Sequencing using MiSeq Illumina platform

The DNA fragments were subjected to paired-end sequencing using
the Illumina NovaSeq platform (Illumina, San Diego, CA, USA),
following the method described by Pan et al. (2021). The sequencing
and subsequent bioinformatic analysis were conducted by Shanghai
Majorbio Bio-Pharm Technology Co., Ltd. to obtain and analyze the
sequence data.

2.10. VOCs analysis

The VOCs of the shrimp samples were measured using GC-IMS
(FlavourSpec®, G.A.S., Dortmund, Germany), following the method
proposed by Ding et al. (2022). The shrimp samples were collected on
days 0, 6, and 12 (as representatives) during chilled storage. For this, 2 g
of shrimp muscle were incubated in a 20 mL headspace vial at 50 °C for a
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precise duration of 20 min. After incubation, 500 pL of gas was extracted
using an automated syringe needle. The VOCs were separated using a
MXT-WAX capillary column (30 m x 0.53 mm) with a constant column
temperature of 60 °C. Nitrogen gas was utilized as the carrier gas, with
the following flow rate profile: 2 mL/min for the initial 2 min, increased
to 10 mL/min from 2 to 10 min, further increased to 100 mL/min from
10 to 20 min, and maintained at 100 mL/min for 10 min. Ionization of
the analyte compounds occurred within the ionization chamber of the
IMS instrument, operating at a temperature of 45 °C with a consistent
flow rate of 150 mL/min. The determination of the Retention Index (RI)
of VOCs was accomplished by comparing their behavior with the
reference n-ketone C4-C9 standard. For VOC identification, the RIs and
drift times of reference standards were recorded and systematically
compared using the GC-IMS system.

2.11. Data analysis

Unless stated otherwise, all experiments were conducted in tripli-
cate, and the data are presented as mean + standard deviation. Statis-
tical analysis of the results was performed using the SPSS package
version 13.0 for Windows (SPSS Inc., Chicago, IL, USA). Treatment
means were subjected to a statistical comparison using Duncan’s test,
with statistical significance determined at the p < 0.05 level.

3. Results and discussion
3.1. TVC value

The effect of CAP pre-treatment on the TVC value of drunken shrimp
was assessed and depicted in Fig. 1 (A). The TVC value of muscle
products was proposed to be 6.0 1g CFU/g as the maximum limit for
human consumption (Dalsvag et al., 2021). The TVC values of the CAP
pre-treated samples consistently and significantly remained lower than
those of the control samples (P < 0.05), highlighting the ability of CAP
pre-treatment to reduce microbial loads in the drunken shrimp. This
finding was in line with the results reported by Lin et al. (2020), who
demonstrated that the TVC values were relatively lower in wine-pickled
mud snails treated with CAP at different voltages (40, 50, and 60 kV)
compared to the control samples during storage. The inactivation of
bacteria by the CAP treatments was mainly attributed to the disinte-
gration of cell membranes induced by the reactive plasma species, such
as active oxygen, electrons, negative ions, photons, and ultraviolet
electrons (Shanker et al., 2023). The production of reactive free radicals
resulting from the CAP treatment also greatly impeded the growth and
reproduction of bacteria (Perni et al., 2008). On day 4 of storage, the
TVC values increased in both groups, which could be attributed to the
proliferation of bacteria adapted to the drunken conditions and the
availability of nutrients from carbon, glycogen, and nitrogen sources
present in the shrimp muscle. However, the TVC values of both groups
steadily declined throughout days 4-12 of chilled storage. This decline
might be a result of the high sugar and NaCl content in the flavoring
solution, creating unfavorable conditions for microbial growth, along
with decreases in the moisture content and water activity of the drunken
shrimp samples. Furthermore, the alterations in the osmotic pressure,
both inside and outside of bacterial cells, induced by the permeated
sugar and NaCl, might result in the inactivation of several bacteria,
which could be a contributing factor to the subsequent decline obser-
vations during the following stage. These factors collectively contribute
to the reduced microbial growth and improved microbial inhibition in
the CAP pre-treated samples during chilled storage.

3.2. TVB-N content
Fig. 1 (B) illustrates the changes in the TVB-N content in shrimp

samples. As the storage time progressed, there were significant (P <
0.05) increases in the TVB-N content observed in both the control and
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Fig. 1. Effects of CAP pre-treatment on the TVC (A), TVB-N (B), MP (C) content, and PPO activity (D) in drunken shrimp during chilled storage. Control, shrimp
without the CAP pre-treatment; CAP, shrimp with the CAP pre-treatment at 40 kV for 100 s. Distinct lowercase letters within the same group denoted statistically
significant differences during chilled storage (P < 0.05). For the control and CAP groups, diverse uppercase letters in the row indicated significant differences (P

< 0.05).

CAP groups. These increases were attributed to the intensified degra-
dation of muscle proteins caused by the growth and multiplication of
spoilage bacteria and the action of endogenous enzymes (Shiekh et al.,
2021). The maximum acceptable TVB-N content is considered to be 25
mg/100 g (Peng et al., 2022). In the study, the TVB-N content of shrimp
in the control group exceeded the acceptable level on day 4 of chilled
storage, while in the CAP group, it surpassed the acceptable level on day
8 of chilled storage. These results highlight the effectiveness of CAP pre-
treatment in slowing down the increase in TVB-N content in shrimp
samples compared to the control group, mainly attributable to the
sterilization and antibacterial effects of the CAP pre-treatment. It was
also observed that the freshly prepared shrimp samples in both groups
had relatively high TVB-N content, which can be attributed to the
presence of amino acid nitrogen from the soy sauce content in the
drunken solution.

3.3. MP content

Fig. 1 (C) illustrates the changes in MP content in both the control
and CAP groups during chilled storage. As the storage time increased,
the MP content in both groups significantly decreased (P < 0.05). The
initial MP content of the samples was determined to be 126.73 g/L. After
12 days of storage, the MP content of the control samples decreased to
34.72 g/L. In contrast, the CAP pre-treated samples showed more
favorable conditions, with the MP content maintained at 46.11 g/L after
the same duration of chilled storage. The decrease in MP content can be
attributed to protein denaturation and the growth and multiplication of
bacteria. Factors resulting in protein denaturation include the

disturbance of hydrate layers surrounding the proteins, followed by
subsequent hydrophobic interactions, as described by Zhang et al.
(2020). Additionally, the degradation of MPs may be impacted by the
presence of salt ions in the drunken solution (Zhuang et al., 2020). In the
current study, the CAP pre-treatment demonstrated the ability to
maintain a higher MP content in drunken shrimp compared to the
control group. The application of CAP pre-treatment led to the formation
of ozone and various active species from O, (Shiekh and Benjakul,
2020b), which exhibited positive benefits in inhibiting microbial
growth, resulting in a significant reduction in protein degradation. This
indicates the potential of CAP pre-treatment in preserving the MP con-
tent and overall quality of the drunken shrimp during chilled storage.

3.4. TPA

Table 1 presents the evolution of hardness and springiness of shrimp
muscle throughout chilled storage. As the storage time increased, both
the hardness and springiness of the samples in both groups showed
significant decreases, indicating disrupted and/or degraded muscle tis-
sues during storage. However, the control shrimp samples exhibited
lower values of hardness and springiness compared to the CAP pre-
treated shrimp samples, demonstrating the effectiveness of CAP pre-
treatment in preserving the textural properties of shrimp muscle tis-
sues. Changes in the structure and stability of shrimp muscle proteins are
significant factors contributing to alterations in muscle hardness and
elasticity (Xu et al., 2020). These changes might be attributed to the
growth and activity of bacteria in the shrimp samples, which involved
the production of several extracellular enzymes that degraded the
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Table 1
Texture analysis of different drunk shrimp during chilled storage.

Storage time Hardness (N) Springiness (mm)

d

(days) Control CAP Control CAP

0 4.02 + 4.02 + 0.71 + 0.71 +
1.07aA 1.072A 0.11% 0.11%A

2 3.18 + 3.87 + 0.76 + 0.82 +
0.39abB 0.81% 0.1728 0.07%A

4 3.05 + 331+ 0.62 + 0.71 +
0.71bB 0.67°°A 0.05APB 0.07824

6 2.63 + 2.97 + 0.53 + 0.66 +
0.24bA 1.02°* 0.07°® 0.15%

8 2.89 + 3.00 + 0.61 + 0.76 +
0.46bB 0.62P4 0.09°"® 0.22%4

10 3.20 + 3.24 + 0.72 + 0.71 +
0.60abA 0.80%°A 0.15% 0.17%4

12 2.76 + 3.07 + 0.62 + 0.68 +
0.12bB 0.53% 0.112%4 0.17%A

Note: In the context of hardness and springiness, distinct lowercase letters within
the same column denoted statistically significant differences (P < 0.05). For the
control and CAP groups, diverse uppercase letters in the row indicated signifi-
cant differences (P < 0.05).

myosin and actin, thereby breaking down the connective tissues and
leading to the softening of shrimp muscle (Wang et al., 2015; Peng et al.,
2022). The microbial activity in the drunken shrimp samples was
effectively inhibited after pre-treatment with CAP, as confirmed by the
results of the TVC evaluations (Fig. 3A). Additionally, on day 8, both
shrimp samples exhibited increased hardness and springiness, which
could be attributed to water loss from myofibrils and the aggregation of
muscle proteins, eventually leading to a compact structure of the shrimp
muscle tissues (Bindu et al., 2013).

3.5. PPO activity

Melanin, primarily formed due to the activity of PPO, has a signifi-
cant impact on the sensory acceptability of drunken shrimp. It is crucial
to inactivate PPO in drunken shrimp to maintain a good appearance.
Fig. 1 (D) depicts the changes in PPO activity extracted from shrimp
samples during chilled storage. The shrimp samples exhibited gradual
decreases in PPO activity over the 12 days of storage. This effect can be
attributed to the inhibition of PPO activity by the citric acid and other
components present in the drunken solution (Arias et al., 2007). The
results also demonstrated a considerable decrease in PPO activity in the
CAP pre-treated samples compared to the control during chilled storage.
This finding is consistent with the results reported by Shiekh et al.
(2021), who showed that CAP treatment effectively inhibited PPO ac-
tivity in Pacific shrimp (Litopenaeus vannamei). Another study by Shiekh
and Benjakul (2020b) revealed a significant reduction in melanogenesis
in shrimp due to PPO denaturation caused by CAP electroporation at
high field strength, pulse number, and CAP energy in combination with
a 1 % chamuang leaf extract treatment. In the current study, it was also
observed that the PPO activity increased in both groups of shrimp on day
4 of chilled storage. This increase might be caused by the significant
effect of pH on PPO activity. Tanner et al. (2006) found that the activity
of PPO in the Atlantic blue crab (Callinectes sapidus) increased with the
pH values in the physiologically range of 6.6-7.8. Gollas-Galvan et al.
(1999) also reported that PPO activity was highest at an optimal pH
value close to 7.8 in brown shrimp (Penaeus californiensis). In the current
study, the initial pH of fresh shrimp, mainly influenced by the drunken
solution, was acidic, which favored the inhibition of PPO activity.
However, on day 4 of storage, the pH of the samples rose to a level that
favored optimal PPO activity, resulting in an increase in PPO activity
during that period.
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3.6. Microstructure analysis

Fig. 2 presents the SEM analysis of drunken shrimp during 12 days of
chilled storage, revealing visible histological differences between the
two groups of shrimp samples. In the fresh shrimp, the tissue structure
appeared intact, with closely packed myofibers and small tissue gaps.
However, on day 6, the control samples showed significantly more tissue
breakage compared to the fresh samples. This indicated aggregation of
proteins, degradation of muscle fibers, and detachment of endomysium
(Zhang et al., 2018). The growth of bacteria and their metabolites might
have promoted the weakening of the mechanical strength of connective
tissues (Zhang et al., 2015). In contrast, the muscle fibers in the shrimp
pre-treated with CAP were more closely arranged. This suggests that the
CAP pre-treatment was capable of maintaining the stabilization of tissue
fibers. Consequently, the CAP pre-treatment showed potential in pre-
serving the integrity of the muscle tissue structure during chilled stor-
age, leading to less tissue breakage and maintaining a better overall
quality of the drunken shrimp samples.

3.7. Bacterial community dynamics

Alpha diversity indices are commonly used to assess the abundance
and diversity of bacteria in a sample. In Fig. 3 (A), the coverage rate of
each sample exceeded 0.99, indicating the authenticity and reliability of
the sequencing information. The Sobs, Ace, and Chao indices of the fresh
samples (0 d; without treatment) were notably higher than those of the
CAP pre-treated groups, suggesting a significantly higher number of
bacteria in the fresh samples compared to the CAP pre-treated shrimp.
This indicates that CAP pre-treatment resulted in a significantly lower
number of surviving bacteria in the drunken shrimp. The changes in the
Shannon and Simpson indices indicated that the microbial diversity in
the control samples exhibited significant alterations compared to the
fresh shrimp. Meanwhile, the CAP pre-treated samples consistently
demonstrated lower diversity levels than the fresh samples.

The diversity and dynamic succession of bacteria in the CAP pre-
treated drunken shrimp were examined during chilled storage. Fig. 3
(B) shows the microbial changes at the phylum level of the two groups of
drunken shrimp. A total of 11 major bacterial phyla were identified in
both groups, including Firmicutes, Proteobacteria, Acidobacteriota, Acti-
nobacteriota, Chloroflexi, Bacteroidota, Desulfobacterota, Gemmatimona-
dota, NB1-j, Cyanobacteria, and Verrucomicrobiota. He et al. (2022) also
found that Proteobacteria were the dominant bacteria in the fresh shrimp
(Penaeus vannamei) samples, which aligned with the current findings. At
day 6 of chilled storage, the abundance of Proteobacteria decreased
rapidly in the CAP-6 and Control-6 groups (Fig. 3B), while there was a
significant increase in the abundance of Firmicutes. This result was
similar to the report by Li et al. (2022) on low-salt shrimp paste, which
might be affected by the salt and citric acid added to the drunken so-
lution. At day 12 of chilled storage, Proteobacteria were significantly
higher in the Control-12 samples, while Firmicutes remained the domi-
nant phylum in the CAP-12 samples. These results suggest that CAP pre-
treatment effectively inhibited the growth of Proteobacteria in the
drunken shrimp during chilled storage. Previous studies have also
identified Proteobacteria and Firmicutes as the main microorganisms in
fermented mandarin fish (Siniperca chuatsi) (Wang et al., 2021).

Fig. 3 (C) depicts significant changes in the colony composition of
drunken shrimp during chilled storage. In the fresh samples, Zobellella
was the dominant genus, accounting for 49.89 % of the microbial
composition, along with the presence of Pseudomonas (5.77 %) and
Acinetobacter (4.86 %). By day 6 of chilled storage, Zobellella was not
detected in either group of drunken shrimp, and Streptococcus and
Lactobacillus became the dominant genera in both groups. By day 12 of
chilled storage, the relative abundance of Streptococcus and Lactobacillus
in the Control-12 samples decreased to 26.61 % and 1.75 %, respec-
tively, while in the CAP-12 samples, it decreased to 12.90 % and 24.42
%, respectively. Additionally, Candidatus Hepatoplasma’s relative
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Fig. 2. SEM of drunken shrimp samples during chilled storage. (A) fresh shrimp muscle (0 d); (B) shrimp without CAP pre-treatment (control; 6 d);(C) shrimp with
CAP pre-treatment at 40 kV for 100 s (CAP; 6 d); (D) shrimp without CAP pre-treatment (control; 12 d); (E) shrimp with CAP pre-treatment at 40 kV for 100 s (CAP;

12 d).

abundance in the CAP-12 samples increased to 45.01 % as the dominant
genus. Zobellella, characterized as an aerobic denitrifying bacterium,
was the predominant genus in the fresh drunken shrimp, with the ability
to convert nitrate to nitrogen through a series of reactions. Pseudomonas
and Acinetobacter were relatively abundant in the samples, and they are
commonly found during the chilled storage of aquatic products. It has
been reported that the unpleasant VOCs from spoiled muscle are mainly
associated with Pseudomonas (Dabade et al., 2015; Shang et al., 2023).
Fewer species of flora were present in the CAP pre-treated samples,
likely due to the CAP pre-treatment inhibiting the activity of microbial
genera. Compared to the samples on day 6, the relative abundance of
Vibrio, Filomicrobium, Fusibacter, and Woeseia increased significantly in
the control samples on day 12 of storage, whereas fewer changes were
observed in the CAP samples, confirming that CAP pre-treatment
significantly inhibited bacterial growth in the drunken shrimp products.

3.8. VOCs

Fig. 4 illustrates two-dimensional topographic plots obtained
through GC-IMS analysis of drunken shrimp during chilled storage. The
changes in VOCs of both the control and CAP pre-treated samples were
determined by subtracting the signal peaks of VOCs in fresh shrimp,
which served as a reference. The red area indicates a higher concen-
tration of VOCs in the control and CAP pre-treated samples compared to
the fresh shrimp, while the blue area represents the opposite trend, with
darker colors indicating greater differences. The results show varying
degrees of increase or decrease in the VOCs for both samples compared
to the fresh samples. The degradation or molecular bond combinations
of MPs and other substances in the drunken shrimp resulted in the
production of VOCs that contributed to the characteristic odor and fla-
vor of the drunken products. These VOCs, resulting from protein hy-
drolysis, lipolysis, and glycolysis, significantly influenced the aroma,
texture, and overall quality of the drunken shrimp products.

Further comparison of the changes in the VOCs between the fresh,
control (6 and 12 d), and CAP pre-treated shrimp samples (6 and 12 d)
was executed during chilled storage (Fig. 5). A total of 26 types of VOCs
were identified and measured in the shrimp samples, including

aldehydes (3), alcohols (8), esters (6), ketones (6), and others (3). Al-
cohols and esters were relatively represented in the VOCs of both group
samples, which might be due to the high content of yellow wine in the
drunken solutions.

Fig. 5 (A) showed that compared to the fresh samples, there was an
upward trend in the content of several alcohols, esters, and ketones in
the Control-6 and Control-12 samples. The alcohols, including iso-
butanol, 1-butanol, and other series of alcohols, were produced by the
condensation of aldehyde, ketone, and other carbonyl compounds dur-
ing processing and storage, and they belong to aromatic substances
(Tsakiris et al., 2014). Excessive amounts of these alcohols can cause a
bitter taste in shrimp products, and their changes in content suggested
denaturation and oxidative breakdown of muscle proteins. Ethyl 3-
methylbutanoate, ethyl 2-methylbutanoate (M), and acetic acid were
observed to be increased significantly in the Control-6 samples but less
variable in the Control-12 samples. Esters play a vital role in the
distinctive flavor of pickled foods, resulting from the esterification
esterification involving several acids and alcohols, which contribute a
fruity aroma and mask a rancid taste (Wang et al., 2021). Additionally,
there was a significant increase in the content of 3-pentanone, 1-octen-3-
one, ammonia, and acetic acid in the control samples. In the CAP-6 and
CAP-12 samples, several VOCs, including ethyl acetate, acetone, and
ethanol, were readily soluble in organic solvents such as ethanol and
were consistently maintained at higher content during chilled storage
(Fig. 5 (B)). These compounds, such as acetone with a slightly aromatic
odor and ethyl acetate with a slightly fruity aroma, characterized unique
flavor profiles in drunken shrimp products during chilled storage. A
significant increased content of acetic acid, butan-1-ol (M), butan-1-ol
(D), 1-propanol, 2-methyl-1-propanol were determined in CAP-6 sam-
ples on day 6 of storage, and the trend of these VOC contents decreased
on day 12 of storage.

Further analysis of the VOCs revealed that compared to the Control-6
samples, the CAP-6 samples exhibited higher content of butan-1-ol,
butanal, and dimethyl sulfide, and relatively lower content of 1-octen-
3-one, methanol, 1-penten-3-ol, and ammonia at 6 days of storage
(Fig. 5 (C)). Similarly, at 12 days of storage, the CAP-12 pre-treated
samples had a higher content of butanal, 1-butanol, and 4-methyl-2-
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Fig. 3. (A) Diversity index analysis of microbial communities of different drunken shrimp samples. Community heatmap analysis at phylum (B), and genus (C) levels
in the different drunken shrimp samples during chilled storage. Control, shrimp without CAP pre-treatment; CAP, shrimp with CAP pre-treatment at 40 kV for 100 s.
Fresh, samples from zero day without CAP treatment; Control, shrimp without CAP pre-treatment (6 and 12 d); CAP, shrimp with CAP pre-treatment at 40 kV for 100

s (6 and 12 d).
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Fig. 4. GC-IMS spectra of the VOCs in drunken shrimp during chilled storage. Fresh, fresh samples; Control, shrimp without CAP pre-treatment (6 and 12 d); CAP,
shrimp with CAP pre-treatment at 40 kV for 100 s (6 and 12 d).

pentanone compared to the Control-12 samples (Fig. 5 (D)). The pro-
duction of these ketones, alcohols, and ammonia is associated with the
oxidative breakdown of lipids and proteins. Some of these compounds,

like butyraldehyde, have an ethereal fragrance, while 4-methyl-2-penta-
none belongs to a class of volatile substances with a pleasant odor,
indicating that the CAP pre-treatment could contribute to a more
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Fig. 5. Fingerprint comparison of the VOCs in the drunken shrimp samples determined by GC-IMS during chilled storage. A, fingerprint comparison of the VOCs in
the control group compared with the fresh group; B, fingerprint comparison of the VOCs in the CAP group compared with the fresh group; C, fingerprint comparison

of the VOCs in the control group compared with the CAP group on day 6; D, fingerprint comparison of the VOCs in the control group compared with the CAP group on
day 12. Fresh, samples from zero day without CAP treatment; Control, shrimp without CAP pre-treatment (6 and 12 d); CAP, shrimp with CAP pre-treatment at 40 kV

for 100 s (6 and 12 d).
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beneficial odor and flavor profile for the drunken shrimp during chilled
storage. Overall, the results demonstrate that CAP pre-treatment can
effectively influence the VOC composition in drunken shrimp, poten-
tially enhancing the sensory acceptability and overall quality of the
product.

4. Conclusion

The study provided strong evidence for CAP pre-treatment being an
effective method to extend the shelf-life of drunken shrimp when stored
under chilled conditions. The positive effects observed included the
delayed deterioration of texture (hardness and springiness), preserva-
tion of MPs content, inhibition of PPO activity, and suppression of mi-
crobial growth and protein degradation. High-throughput sequencing
analysis showed that CAP pre-treatment significantly reduced the mi-
crobial diversity compared to the control samples. GC-IMS analysis
identified 26 VOCs, including aldehydes, esters, and alcohols, in the
shrimp samples. The results suggested that CAP pre-treatment enhanced
the flavor of drunken shrimp and reduced the formation of unpleasant
VOCs, particularly ammonia. As such, this study provided valuable in-
sights into the quality changes of CAP-pre-treated drunken shrimp,
shedding light on the impact of CAP pre-treatment on quality, microbial
diversity, and VOCs during chilled storage. These findings could serve as
a vital foundation for future research in the field of drunken aquatic
products, particularly focusing on drunken shrimp.
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