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Abstract: A novel storage technique that combines the low-frequency electric field (LFEF) and
ice temperature was used to extend the shelf life of Pacific white shrimp (Penaeus vannamei). The
study investigated the effect of LFEF treatment on the quality and microbial composition of Penaeus
vannamei during storage at ice temperature. The results showed that the LFEF treatment significantly
extended the shelf life of shrimp during storage at ice temperature. The total volatile base nitrogen
(TVB-N) and pH of samples increased over time, while the total viable count (TVC) showed a trend
of first decreasing and then increasing. Obviously, shrimp samples treated with LFEF had a lower pH,
TVB-N and TVC values than the untreated samples (p < 0.05) at the middle and late stages of storage.
LFEF treatment increased the diversity and altered the composition of the microbial communities in
Penaeus vannamei. Additionally, the treatment led to a decrease in the relative abundance of dominant
spoilage bacteria, including Aliivibrio, Photobacterium and Moritella, in Penaeus vannamei stored at
ice temperature for 11 days. Furthermore, correlation analysis indicated that TVB-N and pH had a
significant and positive correlation with Pseudoalteromonas, suggesting that Pseudoalteromonas had
a greater impact on shrimp quality. This study supports the practical application of accelerated
low-frequency electric field-assisted shrimp preservation as an effective means of maintaining shrimp
meat quality.

Keywords: preservation; shrimp; microbial community; low-frequency electric field; physicochemical
properties

1. Introduction

Ice temperature preservation is a technique of storing fresh food at a temperature
below 0 ◦C and above the freezing point to keep it at a low temperature without freezing,
typically in the range of −0.5 ◦C to −2.8 ◦C [1]. This allows for various biochemical reac-
tions to continue by minimizing cell metabolism. It also works well to maintain cell activity
and good tissue structure, inhibiting enzyme activity and bacterial growth. Therefore, ice
temperature preservation technology is a safe and efficient method for storing and pre-
serving food, which can improve food quality and extend shelf life to a certain extent [2,3].
This technology has achieved good results in preserving fresh agricultural products, such
as fruits, vegetables, livestock, poultry and aquatic products [4]. The application of ice
temperature technology in aquatic products is maturing. Previous studies have demon-
strated that ice-temperature conditions can enhance the quality of aquatic products, such as
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extending shelf life, maintaining tissue morphology, and reducing biochemical changes [5].
Although ice temperature preservation methods have been discovered and studied by
food scientists since the 1960s, they have not been applied industrially for food storage
and preservation [6]. The primary cause of this phenomenon is likely the highly precise
temperature control necessary for maintaining optimal ice-temperature conditions. If the
temperature fluctuation of the equipment fluctuates outside the required range, it can cause
ice crystals to form, ultimately reducing food quality. Additionally, precise temperature
control can significantly increase equipment operating costs [4,7], which may limit the use
of ice temperature preservation technology in production. Therefore, developing methods
to control ice crystal formation could be a crucial breakthrough for the industrial application
of ice temperature preservation.

In recent years, researchers have been exploring the use of electric field technology to
control the formation of ice crystals [8,9]. Studies have suggested that electric field-assisted
supercooling preservation techniques could be effective in maintaining food quality [10,11].
However, the current techniques for controlling ice nucleation through electric fields are not
yet fully developed and may not consistently produce positive results [12]. Interestingly, in
a preliminary study by our team, it was found that pure water does not freeze at −6 ◦C
under the influence of a low-frequency electric field (LFEF) (frequency range ≤ 300 kHz).
Therefore, LFEF may be a potential technology to overcome the technical challenges of
industrializing ice temperature preservation.

During the cold temperature storage process, microorganisms are a crucial factor that
can affect food quality. Research has confirmed that electric fields can effectively reduce the
growth and reproduction of bacteria during subzero storage. Currently, the electrostatic
field and pulsed electric field are being studied further. The electrostatic field is a constant
field that does not change in strength or direction over time. Static electric fields can cause
the rupture of microbial cell structures due to their significant electric field forces. Pulsed
electric fields act on food by repeatedly applying a high voltage and short pulses to two
parallel metal electrodes to form pulse waves, which involve rapid changes in the electric
field and the application of a pulse current [13]. This ultimately destroys the microbial cell
structure and acts as a sterilization mechanism. The main purpose of this technique is to
sterilize and preserve liquid food. Xu et al. [14] found that applying a high-voltage electro-
static field of different frequencies can assist in preserving the freezing point of pork. This
method can effectively inhibit the propagation of dominant bacteria and affect microbial
metabolic pathways during storage. Furthermore, Qiang et al. [15] and Zhang et al. [16]
investigated the effects of electrostatic field-assisted ice temperatures and partial freezing
on the storage quality and microbial communities of rhubarb fish. They found that both
electrostatic fields could effectively delay the deterioration of rhubarb fish flesh. However,
high-voltage electrostatic fields suppressed the relative abundance of Shewanella, while
low-pressure fields suppressed the reduction in the relative abundance of Pseudomonas and
Psychrobacter. In contrast to static and pulsed electric fields, low-frequency electric fields,
as a type of AC electric field [17], exhibit certain characteristics, such as low electric field
intensity (<3 kV) and low frequency (50 and 60 Hz). Low-frequency electric fields, which
use space discharge method to form electromagnetic waves and apply them to food, are
characterized by simple equipment and system setups, low operational and maintenance
costs, and a wide range of applicability, making them suitable not only for large-scale
food preservation, but also for use in conjunction with household preservation appliances.
Guangyu et al. [18] used alternating electric field technology to assist freeze-thaw aging.
They found that alternating the electric field was more conducive to maintaining beef
myofibril structure, which promoted meat quality improvement. Kunmei et al. [19] inves-
tigated the effect of low-voltage variable-frequency electric fields on the ice temperature
preservation effect of steamed mussels, and found that low-voltage variable-frequency
electric fields can affect the inventory of microorganisms and better maintain the freshness
and quality of mussels. At present, the application of LFEF in the field of food storage
and preservation is still at an early stage and deserves further investigation. And studies
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on shrimp preservation have mainly focused on physical and chemical processes, sensory
indicators, volatile metabolites and protein quality changes [20–23]. However, studies of
microbial changes using high-throughput sequencing have been limited, particularly in the
context of electric field-assisted cold temperature storage [24,25].

Therefore, in this study, the pH, TVC and TVB-N of Penaeus vannamei treated with a
low-frequency electric field combined with ice temperature were measured during storage
to evaluate quality changes. On the other hand, 16S rRNA amplicon sequencing was
performed on fresh shrimp meat from conventional ice temperature storage for 11 days
and LEFE combined with ice temperature storage for 11 days to determine the microbiota.
The aim was to evaluate the effect of LFEF on the microbial community of shrimp under ice
temperature storage conditions and the correlation between colonies and physicochemical
indicators, with the aim of elucidating the mechanism of the quality change of Penaeus
vannamei in ice temperature preservation assisted by LFEF and provide theoretical support
for the industrial application of LFEF preservation technology in the field of ice temperature
preservation.

2. Materials and Methods
2.1. Sample Preparation

Penaeus vannamei (mariculture) was purchased from the Munai market (Yangjiang,
China) and transported alive to the laboratory within 1 h in an oxygenated aquarium.
Penaeus vannamei was washed with sterile water after sudden death with crushed ice.
Shrimps (12–16 g) were pre-cooled at 4 ◦C for 1 h and randomly divided into two groups:
LFEF-assisted ice temperature preservation (A group) and conventional ice temperature
preservation (B group). Shrimp were placed in sterile plastic boxes on a clean bench, and
then group A samples were stored in a test chamber (−1 ± 1 ◦C) (LHS-250 CL, Shanghai
Qixin Scientific Instrument Co., Ltd., Shanghai, China) with an LFEF generator, and group B
samples were stored in a test chamber under the same temperature conditions but without
an LFEF generator. Samples were stored at −1 ± 1 ◦C for 19 days. Shrimp meat samples
were taken evenly, where pH and TVB-N were measured every two days and the total
viable was measured every three days. Based on the result of significant difference in the
TVB-N of ice temperature-stored Penaeus vannamei with and without electric field treatment
at day 11, we selected fresh Penaeus vannamei (XY group), Penaeus vannamei (A group) stored
in an LFEF combined with ice temperature for 11 days and Penaeus vannamei (B group)
stored at ice temperature for 11 days for 16S rRNA amplicon sequence analysis. Studies
were performed in triplicate.

2.2. LFEF Experiment Apparatus

As shown in Figure 1, two transmitting electrodes were placed evenly at the upper
and lower ends of the test chamber. The LFEF-generating device outside the test chamber
was connected to the transmitting electrode inside the tube by a transmission wire. The
LFEF-generating device was assembled according to the authorized patent of our team. The
device consisted of an input control module, an electric field signal generation module, an
output control module, an electric field generation module, and a safety protection module.

2.3. Determination of pH during Storage

Shrimp meat sample (5 g) and distilled water (50 mL) were homogenized at 9000 rpm/min
for 1 min and the pH was measured using a digital pH meter (Yidian Scientific Instrument
Ltd., Shanghai, China) [26].

2.4. Determination of TVC during Storage

Shrimp meat (5 g) was placed in a sterile bag containing saline (45 mL). The mixture
was homogenized for 2 min using a homogenizer and the suspension of homogenized sam-
ples was serially diluted (1:10). The sample solution (l mL) at the appropriate dilution was
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added to 20 mL of a plate count agar medium, solidified, and then incubated at (36 ± 1 ◦C)
for (48 ± 2) h. The results of the experiments were expressed as log (CFU/g) [27].
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Figure 1. Schematic diagram of the low-frequency electric field-assisted ice temperature preservation
equipment used in this study.

2.5. Determination of TVB-N during Storage

The stranded sample (5 g) was mixed with 50 mL of distilled water in a conical flask.
The mixture was shaken and macerated for 30 min, filtered to obtain the filtrate. Of the
filtrate, 5 mL and a MgO suspension (10 g/L) were accurately aspirated into the reaction
chamber and distilled with Kjeldahl (Hongji Instrument Ltd., ATN-300, Shanghai, China)
for 5 min. The receiving bottle was used with a boric acid solution as the absorbent and
then titrated with 0.01 mol/L standard hydrochloric acid solution to the end point. The
TVB-N value was calculated from the hydrochloric acid consumption. The results are
expressed as mg/100 g of shrimp meat [28].

2.6. DNA Extraction

Bacterial genomic DNA was extracted from the samples using the CTAB method [29].
Shrimp muscles were added to liquid nitrogen, and the appropriate amount was transferred
to sterilized EP tubes after repeated grinding, and total DNA was extracted using the
Soil and Fecal Genomic DNA Extraction Kit by Magnetic Bead Method (DP712, Tiangen
Biochemistry & Technology Co., Ltd., Beijing, China). The DNA concentration and purity
were monitored on a 1% agarose gel. After extraction, the DNA was dissolved in 50 µL of
elution buffer and stored at −80 ◦C until it was sent to Novogene Bio-information Science
and Technology Co., Ltd. (Beijing, China) for polymerase chain reaction amplification
and sequencing.

2.7. PCR Amplification and Illumina Sequencing

Depending on the concentration, the DNA was diluted to 1 ng/µL with sterile water.
PCR amplification was performed using the diluted DNA as the template and 515F-806R (5′

GTGCCAGCMGCCGCGGTAA-3′ and 5′-GGACTACHVGGGTWTCTAAT-3′) as primers.
The amplification was performed in a 30 µL reaction volume containing 10 ng of the
genomic DNA extract, 15 µL Phusion® High-Fidelity PCR Master Mix (New England
Biolabs, Ipswich, MA, USA) and 3 µL of each primer, and the mixture was made up to
30 µL with water. The PCR conditions were as follows: initial denaturation for 1 min at
98 ◦C and 30 cycles of amplification (10 s at 98 ◦C, 30 s at 50 ◦C, 30 s at 72 ◦C). The last step
was a final extension for 5 min at 72 ◦C. According to the concentration of the PCR products,
the samples were mixed in equal concentrations, the mixture of PCR products was purified
using the Qiagen Gel Extraction Kit (Qiagen, Hilden, Germany), and the sequences with
the major bands between 400 and 450 bp were selected and trimmed to recover the target
bands. Tag-encoded high-throughput sequencing was performed on the Illumina HiSeq
platform and 250 bp paired-end reads were generated.

2.8. Processing of the Sequencing Data

The original data were spliced (FLASH: fast length adjustment of short reads to im-
prove the genome assemblies) and filtered (chimeric 16S rRNA sequence formation and de-
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tection in Sanger and 454-pyrosequenced PCR amplicons) to obtain the clean data, and then
the operational taxonomic unit (OTU) clustering and species classification were analyzed
based on the clean data. The SILVA database (The SILVA ribosomal RNA gene database
project: improved data processing and web-based tools) was used for each representative
sequence, based on the Mothur algorithm to annotate the taxonomic information. Alpha
diversity was used to analyze the complexity of species diversity for a sample through
6 indexes, including Observed-species, Chao1, Shannon, Simpson, ACE, and Good cover-
age. All these indexes in our samples were calculated using QIIME (version 1.7.0). Based on
the results of species annotation, clustering heat-map and Linear discriminant analysis [30]
were plotted using R software (version 2.15.3). Finally, the relationship between bacterial
flora and physicochemical factors was preliminarily explained by correlation analysis.

2.9. Statistical Analysis

Data were analyzed by an analysis of variance (ANOVA) using SPSS 17.0 software.
Duncan’s test was used to determine the significance of differences in the experimental
data within the 95% confidence interval (p < 0.05). Differences between the two sample
datasets were determined by independent sample t-tests. Origin Lab Origin 2022b software
was used to plot the graphs in the experiment.

3. Results and Discussion
3.1. pH Value in Shrimp during Storage

As shown in Figure 2a, the pH value of shrimp meat in both groups increased sig-
nificantly with storage time (p < 0.05). The pH value increased relatively quickly during
the early storage period, but relatively slowly during the later storage period. This was
caused by the decomposition of shrimp protein under the action of shrimp microorganisms
and endogenous enzymes after shrimp death, resulting in the accumulation of nitrogenous
substances. During the early storage period, there was no significant difference in the pH
between the two groups. From the 11th day, the pH value of group A was significantly
lower than that of group B. This could be due to the fact that the LFEF affected the degra-
dation of organic compounds by microorganisms in shrimp meat during the later stages
of storage, thus delaying the accumulation of final products. This is similar to the results
of low-frequency pulsed electric field treatment of refrigerated Pacific white shrimp by
Shiekh et al. [22].

3.2. TVC in Shrimp during Storage

The total viable count reflects the changes in the microbial population during the stor-
age of the shrimp. As shown in Figure 2b, the initial total colony count was 3.74 lg (CFU/g).
With increasing storage time, both groups showed a trend of a slight decrease followed by
a sharp increase. On the 19th day of storage, the TVC of group B exceeded 6 lg (CFU/g),
indicating that the shrimp meat was unacceptable [31]. From the 9th day of storage, there
was a significant difference between the two groups (p < 0.05). And the TVC of shrimp
meat in group B increased faster. This is consistent with the results of Jianyou Zhang’s
study [16] on a large yellow croaker, where the total number of colonies was lower in
the electric field-treated group than in the control group. In shrimp at the same storage
temperature, the electric field treatment had some inhibitory effect on bacterial growth
and multiplication compared to group B. This may be due to the fact that under the action
of the applied electric field, the electric potential inside and outside of the microbial cell
membrane was altered, resulting in a decrease in microbial viability [32].
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3.3. TVB-N Value in Shrimp during Storage

TVB-N is one of the biochemical indicators that effectively indicate shrimp spoilage.
As shown in Figure 2c, the TVB-N content of both preservation methods showed an obvious
increasing trend with storage time. The TVB-N value of shrimp samples treated with group
B reached 28.37 mg/100 g on the 11th day, which was close to the borderline between
inedible and spoiled seafood (≤30 mg/100 g). However, the shrimp samples in group A
did not deteriorate and became spoiled up to the 19th day, and the TVB-N value increased
to 33.59 mg/100 g. This shows that the influence of an LFEF on the ice temperature
preservation of shrimp meat significantly impacts the TVB-N value (p < 0.05). LFEF can
effectively inhibit the spoilage of shrimp, which may be due to the inhibitory effect of
the electric field on the growth of microorganisms. This would affect the metabolism of
spoilage microorganisms and reduce the production of nitrogenous substances. This is
consistent with the conclusion that LFEF is favorable for reducing the total number of
colonies, as concluded in Section 3.3 of this study.

3.4. Sequencing Data Analysis

Paired-end sequence data were obtained using the Illumina Nova sequencing platform.
By splicing the reads, an average of 97,472 tags were measured per sample. The Chao1 and
ACE indexes (Table 1) were higher than the number of OTUs obtained in all the sample
groups, indicating that almost all the bacteria in the samples were detected, and some
other bacterial phylotypes were present [33]. The Goods coverage of all sample groups was
greater than 0.9, indicating that the sequencing information data were credible and could
be used to analyze the microbial diversity of the samples.
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Table 1. Alpha diversity profiles of the three groups of samples of shrimps, (values are the
mean ± standard deviation of three determinations).

Alpha
Diversity ACE Chao1 Shannon Simpson Observed Species Goods

Coverage PD_Whole_Tree

XY 1162.905 ± 48.073 1113.229 ± 41.160 4.003 ± 0.590 0.709 ± 0.1 984.000 ± 48.073 0.995 ± 0.001 125.648 ± 13.310
B 1034.974 ± 88.8 997.573 ± 84.427 4.243 ± 0.421 0.835 ± 0.0 838.333 ± 88.861 0.995 ± 0.001 83.566 ± 10.884
A 1207.065 ± 66.651 1162.186 ± 73.308 4.390 ± 0.999 0.765 ± 0.172 1005.667 ± 66.651 0.995 ± 0.000 96.578 ± 13.408

Sequences were clustered into operational taxonomic units (OTUs) with 97% identity,
and a total of 2332 OTUs were obtained. The observed species, Chao 1, and Ace indexes
were used to assess the abundance of microbial communities. The Shannon and Simpson
indexes reflect the diversity of the community and the concentration of dominant species,
respectively [34]. As shown in Table 1, compared to the XY group, the Observed species,
ACE, and Chao1 indexes decreased, while the Shannon and Simpson indexes increased in
the B group. In general, species richness decreases during spoilage as the dominant spoilage
organisms dominate the colony [35], and species diversity increases during the later stages
of storage as the role of specific spoilage organisms decreases [36]. A higher Simpson index
indicates a more prominent dominant bacterium in the community. Group B samples had
the highest Simpson index, which could be attributed to the formation of a dominant flora.
Interestingly, group A showed the highest indexes in this study, which were very different
from some previous studies [14,28,37,38], indicating that the shrimp samples in group A
had the richest and most diverse bacterial species. The bactericidal effect of LFEF may have
inhibited the growth and reproduction of some dominant bacteria, leading to an increase
in microbial diversity in the LFEF treatment group. This could be due to the production
of bacteria that constantly compete for limited substrates and nutrients [39]. Moreover,
bacteria have a mechanism of mutual regulation among themselves. The metabolites
secreted by individual microorganisms are acquired by others, enabling some individuals
to survive in the community environment, forming a pattern of interdependence.

3.5. Species Annotation and Composition Analysis

Figure 3 reveals changes in bacterial composition and abundance within Penaeus van-
namei samples under different treatment conditions. The microbial composition of aquatic
products undergoes significant changes during the early stages of storage, typically result-
ing in a decrease in microbial abundance and diversity. As storage time increases, only
few bacteria become the major spoilage bacteria during the late stages of spoilage [40,41].
Figure 3a shows that at the phylum level, Proteobacteria and Firmicutes dominated each
group (XY, A, B), which is consistent with previous studies [41,42]. Proteobacteria was
the dominant phylum in all three sample groups, but was more abundant in group B. In
addition, the relative abundance of Firmicutes decreased in group B compared to group XY,
while there were no significant changes in the abundance of Proteobacteria and Firmicutes
in the LFEF-treated samples. Proteobacteria are commonly associated with the spoilage
of aquatic products, with most of the microorganisms responsible belonging to this phy-
lum [43,44]. The abundant presence of Proteobacteria in group B samples may be attributed
to the nutrient-rich nature of spoiled shrimp, which facilitates their growth. As anticipated,
the bacterial community profile of LFEF-treated shrimp was similar to that of fresh shrimp.
This may be attributed to the ability of LFEF to inhibit Proteobacteria and Firmicutes from
growing during storage.
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Figure 3. Relative abundance of bacteria in the three groups of shrimp samples at the phylum level
(a), family level (b) and genus levels (c). (XY: fresh shrimp; A: LFEF-assisted ice temperature storage
of shrimp for 11 days; B: shrimp stored at ice temperature for 11 days).

At the family level (Figure 3b), the initial dominant bacteria in fresh shrimp sam-
ples were Burkholderiaceae, Vibrionaceae and Moraxellaceae, accounting for 51.93%, 15.32%
and 3.31%, respectively. After 11 days of storage at ice temperature, there was a signifi-
cant increase in the percentage of Vibrionaceae, Moritellaceae and Pseudoalteromonadaceae in
shrimp muscle, accounting for 28.09%, 8.29% and 7.74%, respectively. Burkholderiaceae
are widespread in various environments, including pathogenic bacteria [45]. The presence
of a large number of Burkholderiaceae in fresh shrimp was mainly due to the growth envi-
ronment. The Vibrionaceae family, which contains a variety of bacteria that are commonly
found as specific spoilage bacteria in aquatic products, is mainly distributed in marine
environments [46]. Under ice temperature storage conditions of −1 ± 1 ◦C, Vibrionaceae
was the absolute spoilage bacterium causing shrimp spoilage. Interestingly, the relative
abundance of Vibrionaceae in the shrimp muscle of group A was significantly lower, while
Pseudoalteromonadaceae and Moritellaceae tended to become dominant. This indicates that
the LFEF had a good inactivation effect on Vibrionaceae. Mittenzwey et al. [47] observed
changes in the luminescence of the marine luminescent bacteria Photobacterium phosphoreum
and Photobacterium fisheri in the presence of electromagnetic fields ranging from 2 to 50 Hz.
The study found that exposure to electromagnetic fields of 50 Hz and 2 mT suppressed the
luminescence of the bacteria. However, exposure to electromagnetic fields of other frequen-
cies and intensities did not have an impact on the luminescence of the bacteria. This study
observed a significant decrease in the abundance of Vibrionaceae following low-frequency
electric field treatment. It is hypothesized that certain bacteria within Vibrionaceae may be
more sensitive to low-frequency electric fields, which affects their metabolic processes and
leads to growth and reproduction inhibition.

At the genus level (Figure 3c), the bacterial species initially found in shrimp samples
were Ralstonia, Vibrio and Aliivibrio. These genera are known to originate from the intestinal
tract of Penaeus vannamei, according to previous studies [48]. In group B, the dominant
bacteria were Ralstonia, Alivibrio, Photobacterium, Moritella and Pseudoalteromonas. In group
A, the most prevalent genera were Pseudoalteromonas and Psychrobacter, suggesting that
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LFEF may influence the bacterial community structure by regulating the relative abundance
of the dominant genera.

Ralstonia is a genus of Gram-negative bacteria that is commonly found in soil and
water [49]. There have been reports that this bacterium may be a potential route for the
transmission of foodborne bacteria [50], but it is inherently less infectious. It is important
to control the safety risks posed by this bacterium due to its high abundance throughout
the storage period. After 11 days of storage under different storage conditions, the relative
abundance of dominant bacteria in the samples changed significantly. The Vibrionaceae
family includes the Gram-negative genera Aliivibrio and Photobacterium, which are closely re-
lated [51]. These genera are known to be strong contributors to fish and shrimp spoilage and
can produce large amounts of biogenic amines during storage, leading to off-flavors [42,52].
The odor of the group B samples in this study quickly became unacceptable, possibly
due to the abundance of them at the end of the storage period. Moritella is a genus that
has been influenced as a contributor to the spoilage of marine aquatic products during
storage [51,53]. In this study, its abundance increased toward the end of the storage period.
Moritella is a bacterium that thieves in cold, high-pressure environments [54]. The electric
field can directly or indirectly affect microorganisms by altering their cellular structure and
affecting the permeability of microbial cells [55], which in turn affects their metabolism [56]
and activity, ultimately inhibiting their growth. In group A, the relative abundance of
Alivibrio, Photobacterium and Moritella significantly decreased after LFEF treatment. The
results indicate that LFEF treatment can effectively slow down spoilage by reducing the
abundance of these spoilage bacteria.

In addition, LFEF was ineffective in inhibiting the growth of Pseudoalteromonas and
Psychrobacter. Pseudoalteromonas, the primary genus responsible for shrimp spoilage, pro-
duces substantial amounts of sulfides that hydrolyze proteins [57,58]. Iijima et al. [59]
demonstrated that Pseudoalteromonas is capable of forming robust biofilms. The bac-
terial cells within the biofilm are typically surrounded by extracellular polymeric sub-
stances, making them highly resistant to physicochemical stresses. Psychrobacter species
are typically considered moderate spoilers, as they are unable to compete with common
spoilage microorganisms [28,57]. However, Psychrobacter promoted the growth of Pseudoal-
teromonas and there are interactions between them that enhance spoilage activity [60]. There-
fore, when applying LFEF preservation, it is important to control both Pseudoalteromonas
and Psychrobacter.

3.6. Heatmaps of Species Composition and Key Species Differences

A heatmap was generated to analyze and compare the relative abundances and
changes in the microbial community at the genus level (top 35 genera) in all samples
(Figure 4). Clustering analysis revealed significant genus-level differences in microbiota
among all three groups. Higher microbial diversity was observed in groups XY and A,
whereas in group B, microbial diversity showed a decreasing trend. However, the relative
abundance of spoilage bacteria remained at a high level and increased significantly, which
is consistent with the previous result of the α-diversity analysis.

Linear discriminant analysis (LDA) effect size (LEfSe) classification was used to iden-
tify biomarkers that were statistically different between the groups [30] (Figure 5). A
threshold of an LDA score > 4 (p < 0.05) was used for differential screening, and a two-way
comparison was performed between groups A and B. The results showed that several
characteristics of the 11-day samples treated with different storage conditions exhibited
highly significant differences from order to genus. Group B shrimp samples were enriched
with Vibrionales, Vibrionaceae, Photobacterium and Photobacterium phosphoreum. These bacteria
belong to the same evolutionary branch, which further confirms the inhibitory effect of
LFEF on Vibrionaceae.
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sample collected from the LFEF-assisted ice temperature storage of shrimp for 11 days; B1–B3: the
sample collected from the shrimp stored at ice temperature for 11 days.).

3.7. Correlation Analysis

The correlation between physicochemical factors and microorganisms is crucial for
preserving shrimp meat. TVB-N and pH are important indications of deterioration in
aquatic products. Figure 6 displays the results of the Spearman correlation analysis which
was used to analyze the correlation between TVB-N and pH values with the top 10 abun-
dant microbial compositions at the genus level as inputs. Notably, the TVB-N and pH as
indicators of deterioration showed a significant positive correlation. Pseudoalteromonas,
Aliivibrio, Moritella, Shewanella and Photobacterium were found to have a positive correlation
with TVB-N and pH. Among them, Pseudoalteromonas showed a significant positive corre-
lation. These bacteria are believed to play a major role in the spoilage process of aquatic
products due to their high production of TVB-N [60,61]. In addition, Figure 6 demonstrates
a significant positive correlation between these bacteria, suggesting a synergistic relation-
ship that may promote mutual growth [62,63]. Understanding the relationship between the
main dominant strains is crucial for improving preservation methods for shrimp meat [40],
as microbial interactions play a significant role in determining its composition.
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Figure 5. Bacterial genera discriminating between samples with LFEF treatment from those untreated,
calculated by linear discriminant analysis (LEfSe). LDA scores (logarithmic LDA score ≥ 4.0 and
p ≤ 0.05) (a) and cladogram (b). In the cladogram, the circles from the inside to the outside represent
the classification levels from phylum to species. Coloring principle: species with no significant
differences are colored yellow, and the biomarker of different species is colored following the group.
The red nodes represent the microbial groups that play an important role in the red group. If a certain
group is missing in the figure, it means that there are no significantly different species in this group
regarding taxa, so this group is missing.



Foods 2024, 13, 1143 12 of 15

Foods 2024, 13, x FOR PEER REVIEW 12 of 15 
 

 

 
Figure 6. Heatmap of the Spearman correlation between the TVB-N, pH and the top 10 genera in 
shrimps. The degree of color represents the absolute value of the correlation coefficient, where red 
represents a positive correlation and blue represents a negative correlation. (*. Significantly corre-
lated at the 0.05 level (bilateral)). 

4. Conclusions 
This study evaluated the effects of a low-frequency electric field on pH, TVC, TVB-N 

and microbial community of Penaeus vannamei at ice temperature during storage. The re-
sults showed that low-frequency electric field treatment inhibited bacterial growth, while 
reducing the increase in pH and TVB-N values. The results of high-throughput sequenc-
ing showed that LFEF treatment prolonged the shelf life of shrimp muscle by increasing 
the diversity of microbial communities and reducing the abundance of spoilage bacteria 
to maintain the stability of the colony structure. Both treatment groups experienced sig-
nificant changes in shrimp flora abundance after 11 days of storage. The relative abun-
dance of Vibrionaceae, which was beneficial in delaying shrimp meat spoilage, was signif-
icantly reduced in LFEF-treated samples. However, Pseudoalteromonas and Psychrobacter 
showed tolerance to the low-frequency electric fields when combined with ice tempera-
ture environments. Correlation analysis revealed a positive correlation between the TVB-
N and pH with Pseudoalteromonas, and there were also correlations among the major gen-
era. Therefore, it is important to control the growth of Pseudoalteromonas when applying 
low-frequency electric fields for the low temperature preservation of shrimp in the future. 

Figure 6. Heatmap of the Spearman correlation between the TVB-N, pH and the top 10 genera in
shrimps. The degree of color represents the absolute value of the correlation coefficient, where red
represents a positive correlation and blue represents a negative correlation. (*. Significantly correlated
at the 0.05 level (bilateral)).

4. Conclusions

This study evaluated the effects of a low-frequency electric field on pH, TVC, TVB-N
and microbial community of Penaeus vannamei at ice temperature during storage. The
results showed that low-frequency electric field treatment inhibited bacterial growth, while
reducing the increase in pH and TVB-N values. The results of high-throughput sequencing
showed that LFEF treatment prolonged the shelf life of shrimp muscle by increasing the
diversity of microbial communities and reducing the abundance of spoilage bacteria to
maintain the stability of the colony structure. Both treatment groups experienced significant
changes in shrimp flora abundance after 11 days of storage. The relative abundance of
Vibrionaceae, which was beneficial in delaying shrimp meat spoilage, was significantly
reduced in LFEF-treated samples. However, Pseudoalteromonas and Psychrobacter showed
tolerance to the low-frequency electric fields when combined with ice temperature envi-
ronments. Correlation analysis revealed a positive correlation between the TVB-N and pH
with Pseudoalteromonas, and there were also correlations among the major genera. Therefore,
it is important to control the growth of Pseudoalteromonas when applying low-frequency
electric fields for the low temperature preservation of shrimp in the future.



Foods 2024, 13, 1143 13 of 15

Author Contributions: L.X.: Writing—original draft, Software, Formal analysis. H.C.: Conceptualiza-
tion, Methodology, Visualization, Validation, Investigation. Z.L.: Validation, Investigation, Software.
S.C.: Investigation. Y.X.: Investigation, Supervision. S.Z.: Funding acquisition, Writing—review and
editing, Data curation. M.Y.: Project administration, Funding acquisition, Supervision. All authors
have read and agreed to the published version of the manuscript.

Funding: This project was supported by the Fundamental and Applied Basic Research Fund of
Guangdong Province (2023A1515010763), the Special Project in Key Areas for General Universities
in Guangdong Province (2022ZDZX4118) and the Project for Young Innovative Talents in General
Universities in Guangdong Province (2022KQNC261).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as potential conflicts of interest.

References
1. Fennema, O.R.; Powrie, W.D.; Marth, E.H. Low Temperature Preservation of Foods and Living Matter; Taylor & Francis: Abingdon,

UK, 1973; Volume 76.
2. Ando, M.; Nakamura, H.; Harada, R.; Yamane, A. Effect of super chilling storage on maintenance of freshness of kuruma prawn.

Food Sci. Technol. Res. 2004, 10, 25–31. [CrossRef]
3. Chong, C.Y.; Abu Bakar, F.; Rahman, R.A.; Bakar, J.; Zaman, M.Z. Biogenic amines, amino acids and microflora changes in Indian

mackerel (Rastrellinger kanagurta) stored at ambient (25–29 ◦C) and ice temperature (0 ◦C). J. Food Sci. Technol. 2014, 51, 1118–1125.
[CrossRef] [PubMed]

4. Stonehouse, G.G.; Evans, J.A. The use of supercooling for fresh foods: A review. J. Food Eng. 2015, 148, 74–79. [CrossRef]
5. Liu, X.-Y.; Zhang, X.-L.; Wang, G.-B.; Mo, F.-Y.; Zhang, X.-R. Application of super-cooled storage of aquatic products: A review.

Int. J. Refrig. 2023, 154, 66–72. [CrossRef]
6. Wu, C.-h.; Yuan, C.-h.; Ye, X.-q.; Hu, Y.-q.; Chen, S.-g.; Liu, D.-h. A critical review on superchilling preservation technology in

aquatic product. J. Integr. Agric. 2014, 13, 2788–2806. [CrossRef]
7. Zhang, H.; Chen, A.; Bin, L. Application status and prospect of ice temperature storage technology in food storage. J. Refrig.

Technol. 2021, 44, 52–55.
8. Fallah-Joshaqani, S.; Hamdami, N.; Keshavarzi, E.; Keramat, J.; Dalvi-Isfahan, M. Evaluation of the static electric field effects on

freezing parameters of some food systems. Int. J. Refrig. 2019, 99, 30–36. [CrossRef]
9. James, C.; Purnell, G.; James, S.J. A review of novel and innovative food freezing technologies. Food Bioprocess Technol. 2015, 8,

1616–1634. [CrossRef]
10. Hu, H.; Zhang, L.; Lu, L.; Huang, F.; Chen, W.; Zhang, C.; Zhang, H.; Goto, K. Effects of the combination of moderate electric

field and high-oxygen modified atmosphere packaging on pork meat quality during chill storage. J. Food Process. Preserv. 2020,
44, e14299. [CrossRef]

11. Suwandy, V.; Carne, A.; van de Ven, R.; Bekhit, A.E.-D.A.; Hopkins, D.L. Effect of repeated pulsed electric field treatment on the
quality of cold-boned beef loins and topsides. Food Bioprocess Technol. 2015, 8, 1218–1228. [CrossRef]

12. Kang, T.; You, Y.; Jun, S. Supercooling preservation technology in food and biological samples: A review focused on electric and
magnetic field applications. Food Sci. Biotechnol. 2023, 32, 1453. [CrossRef] [PubMed]

13. Yun, O.; Zeng, X.-A.; Brennan, C.; Han, Z. Effect of pulsed electric field on membrane lipids and oxidative injury of Salmonella
typhimurium. Int. J. Mol. Sci. 2016, 17, 1374. [CrossRef] [PubMed]

14. Xu, Y.; Wen, X.; Zhang, D.; Schroyen, M.; Wang, D.; Li, X.; Hou, C. Changes in the Freshness and bacterial community of fresh
pork in controlled freezing point storage assisted by different electrostatic field usage frequencies. Food Bioprocess Technol. 2023,
17, 939–954. [CrossRef]

15. Qian, C.; Pan, H.; Shao, H.; Yu, Q.; Lou, Y.; Li, Y. Effects of HVEF treatment on the physicochemical properties and bacterial
communities of Larimichthys crocea fillets during refrigerated storage. Int. J. Food Sci. Technol. 2022, 57, 7691–7700. [CrossRef]

16. Zhang, J.; Fei, L.; Cui, P.; Walayat, N.; Ji, S.; Chen, Y.; Lyu, F.; Ding, Y. Effect of low voltage electrostatic field combined with partial
freezing on the quality and microbial community of large yellow croaker. Food Res. Int. 2023, 169, 112933. [CrossRef]

17. Chen, C.W.; Lee, H.-M.; Chang, M.B. Inactivation of aquatic microorganisms by low-frequency AC discharges. IEEE Trans. Plasma
Sci. 2008, 36, 215–219. [CrossRef]

18. Wu, G.; Yang, C.; Bruce, H.L.; Roy, B.C.; Li, X.; Zhang, C. Effects of alternating electric field during freezing and thawing on beef
quality. Food Chem. 2023, 419, 135987. [CrossRef] [PubMed]

https://doi.org/10.3136/fstr.10.25
https://doi.org/10.1007/s13197-012-0621-3
https://www.ncbi.nlm.nih.gov/pubmed/24876644
https://doi.org/10.1016/j.jfoodeng.2014.08.007
https://doi.org/10.1016/j.ijrefrig.2023.06.022
https://doi.org/10.1016/S2095-3119(14)60841-8
https://doi.org/10.1016/j.ijrefrig.2018.12.011
https://doi.org/10.1007/s11947-015-1542-8
https://doi.org/10.1111/jfpp.14299
https://doi.org/10.1007/s11947-015-1485-0
https://doi.org/10.1007/s10068-020-00786-8
https://www.ncbi.nlm.nih.gov/pubmed/37457406
https://doi.org/10.3390/ijms17081374
https://www.ncbi.nlm.nih.gov/pubmed/27556460
https://doi.org/10.1007/s11947-023-03180-4
https://doi.org/10.1111/ijfs.16115
https://doi.org/10.1016/j.foodres.2023.112933
https://doi.org/10.1109/TPS.2007.913928
https://doi.org/10.1016/j.foodchem.2023.135987
https://www.ncbi.nlm.nih.gov/pubmed/37027972


Foods 2024, 13, 1143 14 of 15

19. Kunmei, W.; Han, W.; Yue, W.; Chong, Y.; Yanxia, L.; Hongyu, L.; Tao, Y. The antibacterial mechanism of compound preservatives
combined with low voltage electric fields on the preservation of steamed mussels (Mytilus edulis) stored at ice-temperature. Front.
Nutr. 2023, 10, 1126456.

20. He, Y.; Xie, Z.; Xu, Y.; Guo, C.; Zhao, X.; Yang, H. Effect of slightly acid electrolysed water ice on metabolite and volatilome profile
of shrimp (Penaeus vannamei) during cold storage. Food Control 2023, 145, 109421. [CrossRef]

21. Mousavi, M.; Hosseini, S.M.; Hosseini, H.; Abedi, A.-S.; Khani, M.; Heshmati, A.; Abhari, K.; Shahraz, F.; Taghizadeh, M.; Akhavan,
A. Gliding arc plasma discharge conditions on microbial, physicochemical, and sensory properties of shrimp (LitoPenaeus
vannamei): In Vivo and In Vitro Studies. Food Bioprocess Technol. 2022, 15, 2327–2343. [CrossRef]

22. Shiekh, K.A.; Hozzein, W.N.; Benjakul, S. Effect of pulsed electric field and modified atmospheric packaging on melanosis and
quality of refrigerated Pacific white shrimp treated with leaf extract of Chamuang (Garcinia cowa Roxb.). Food Packag. Shelf Life
2020, 25, 100544. [CrossRef]

23. Yang, C.; Wu, G.; Li, Y.; Zhang, C.; Liu, C.; Li, X. Effect of Low-voltage electrostatic field on oxidative denaturation of myofibrillar
protein from lamb-subjected freeze-thaw cycles. Food Bioprocess Technol. 2023, 16, 2070–2081. [CrossRef]

24. De Filippis, F.; Parente, E.; Ercolini, D. Recent Past, Present, and future of the food microbiome. Annu. Rev. Food Sci. Technol. 2018,
9, 589–608. [CrossRef] [PubMed]

25. Kaszab, E.; Farkas, M.; Rado, J.; Micsinai, A.; Nyiro-Fekete, B.; Szabo, I.; Kriszt, B.; Urbanyi, B.; Szoboszlay, S. Novel members of
bacterial community during a short-term chilled storage of common carp (Cyprinus carpio). Folia Microbiol. 2022, 67, 299–310.
[CrossRef]

26. López-Caballero, M.E.; Martínez-Alvarez, O.; Gómez-Guillén, M.d.C.; Montero, P. Quality of thawed deepwater pink shrimp
(Parapenaeus longirostris) treated with melanosis-inhibiting formulations during chilled storage. Int. J. Food Sci. Technol. 2007, 42,
1029–1038. [CrossRef]

27. Ge, Y.; Li, Y.; Wu, T.; Bai, Y.; Yuan, C.; Chen, S.; Gakushi, I.; Hu, Y. The preservation effect of CGA-Gel combined with partial
freezing on sword prawn (Parapenaeopsis hardwickii). Food Chem. 2019, 313, 126078. [CrossRef] [PubMed]

28. Li, M.; Duan, X.; Wu, M.; Li, T.; Lin, H.; Hu, J. Analysis of microbial community composition and changes in Lito Penaeus vannamei
in low-Voltage electrostatic field. Food Ind. 2022, 43, 160–165.

29. Brandfass, C.; Karlovsky, P. Upscaled CTAB-based DNA extraction and real-time PCR assays for Fusarium culmorum and F.
graminearum DNA in plant material with reduced sampling error. Int. J. Mol. Sci. 2008, 9, 2306–2321. [CrossRef]

30. Segata, N.; Izard, J.; Waldron, L.; Gevers, D.; Miropolsky, L.; Garrett, W.S.; Huttenhower, C. Metagenomic biomarker discovery
and explanation. Genome Biol. 2011, 12, R60. [CrossRef]

31. Li, L.; Dong, Y.; Qian, G.; Hu, X.; Ye, L. Performance and microbial community analysis of bio-electrocoagulation on simultaneous
nitrification and denitrification in submerged membrane bioreactor at limited dissolved oxygen. Bioresource Technol. 2018, 258,
168–176. [CrossRef]

32. Jain, S.; Sharma, A.; Basu, B. Vertical electric field induced bacterial growth inactivation on amorphous carbon electrodes. Carbon
2015, 81, 193–202. [CrossRef]

33. Lan, W.; Sun, Y.; Liu, S.; Guan, Y.; Zhu, S.; Xie, J. Effects of ultrasound-assisted chitosan grafted caffeic acid coating on the quality
and microbial composition of pompano during ice storage. Ultrason. Sonochem. 2022, 86, 106032. [CrossRef]

34. Qiu, L.; Zhao, Y.; Ma, H.; Tian, X.; Bai, C.; Liao, T. The quality and bacterial community changes in freshwater crawfish stored at
4 ◦C in vacuum packaging. Molecules 2022, 27, 8618. [CrossRef] [PubMed]

35. Chaillou, S.; Chaulot-Talmon, A.; Caekebeke, H.; Cardinal, M.; Christieans, S.; Denis, C.; Desmonts, M.H.; Dousset, X.; Feurer,
C.; Hamon, E.; et al. Origin and ecological selection of core and food-specific bacterial communities associated with meat and
seafood spoilage. ISME J. 2015, 9, 1105–1118. [CrossRef] [PubMed]

36. Wang, T.; Zhao, L.; Sun, Y.; Ren, F.; Chen, S.; Zhang, H.; Guo, H. Changes in the microbiota of lamb packaged in a vacuum and in
modified atmospheres during chilled storage analysed by high-throughput sequencing. Meat Sci. 2016, 121, 253–260. [CrossRef]
[PubMed]

37. Huang, H.; Sun, W.; Xiong, G.; Shi, L.; Jiao, C.; Wu, W.; Li, X.; Qiao, Y.; Liao, L.; Ding, A.; et al. Effects of HVEF treatment on
microbial communities and physicochemical properties of catfish fillets during chilled storage. LWT-Food Sci. Technol. 2020,
131, 109667. [CrossRef]

38. Shi, T.-T.; Xie, C.; Zhang, J.-W.; Li, Y.-H.; Zhu, Y.-M.; Wu, Y.-T.; Zhou, Z.-Y.; Yu, Z. Effect of low-voltage alteenating frequency
electric field on microbial community of hairtail Trichiurus lepturus during preservation. Oceanol. Limnol. Sin. 2022, 53, 133–140.

39. Fojt, L.; Strasák, L.; Vetterl, V.; Smarda, J. Comparison of the low-frequency magnetic field effects on bacteria Escherichia coli,
Leclercia adecarboxylata and Staphylococcus aureus. Bioelectrochemistry 2004, 63, 337–341. [CrossRef] [PubMed]

40. Gram, L.; Dalgaard, P. Fish spoilage bacteria—Problems and solutions. Curr. Opin. Biotechnol. 2002, 13, 262–266. [CrossRef]
[PubMed]

41. Yang, S.; Xie, J.; Qian, Y. Comparative analysisi of microbial communities of fresh and spoiled pacific white shrimp stored at 4 ◦C
by 16s rRNA-based pyrosequencing and DGGE. J. Chin. Inst. Food Sci. Technol. 2018, 18, 280–287.

42. Jia, S.; Liu, Y.; Zhuang, S.; Sun, X.; Li, Y.; Hong, H.; Lv, Y.; Luo, Y. Effect of ε-polylysine and ice storage on microbiota composition
and quality of Pacific white shrimp (LitoPenaeus vannamei) stored at 0 ◦C. Food Microbiol. 2019, 83, 27–35. [CrossRef] [PubMed]

43. Kergourlay, G.; Taminiau, B.; Daube, G.; Champomier Vergès, M.-C. Metagenomic insights into the dynamics of microbial
communities in food. Int. J. Food Microbiol. 2015, 213, 31–39. [CrossRef] [PubMed]

https://doi.org/10.1016/j.foodcont.2022.109421
https://doi.org/10.1007/s11947-022-02886-1
https://doi.org/10.1016/j.fpsl.2020.100544
https://doi.org/10.1007/s11947-023-03041-0
https://doi.org/10.1146/annurev-food-030117-012312
https://www.ncbi.nlm.nih.gov/pubmed/29350561
https://doi.org/10.1007/s12223-021-00935-4
https://doi.org/10.1111/j.1365-2621.2006.01328.x
https://doi.org/10.1016/j.foodchem.2019.126078
https://www.ncbi.nlm.nih.gov/pubmed/31945699
https://doi.org/10.3390/ijms9112306
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1016/j.biortech.2018.02.121
https://doi.org/10.1016/j.carbon.2014.09.048
https://doi.org/10.1016/j.ultsonch.2022.106032
https://doi.org/10.3390/molecules27238618
https://www.ncbi.nlm.nih.gov/pubmed/36500719
https://doi.org/10.1038/ismej.2014.202
https://www.ncbi.nlm.nih.gov/pubmed/25333463
https://doi.org/10.1016/j.meatsci.2016.06.021
https://www.ncbi.nlm.nih.gov/pubmed/27376249
https://doi.org/10.1016/j.lwt.2020.109667
https://doi.org/10.1016/j.bioelechem.2003.11.010
https://www.ncbi.nlm.nih.gov/pubmed/15110299
https://doi.org/10.1016/S0958-1669(02)00309-9
https://www.ncbi.nlm.nih.gov/pubmed/12180103
https://doi.org/10.1016/j.fm.2019.04.007
https://www.ncbi.nlm.nih.gov/pubmed/31202416
https://doi.org/10.1016/j.ijfoodmicro.2015.09.010
https://www.ncbi.nlm.nih.gov/pubmed/26414193


Foods 2024, 13, 1143 15 of 15

44. Li, T.; Sun, X.; Chen, H.; He, B.; Mei, Y.; Wang, D.; Li, J. Effect of the combination of vanillin and chitosan coating on the microbial
diversity and shelf-Life of refrigerated turbot (Scophthalmus maximus) filets. Front. Microbiol. 2020, 11, 462. [CrossRef] [PubMed]

45. Coenye, T. The Family Burkholderiaceae. Prokaryotes Alphaproteobacteria Betaproteobacteria 2014, 343, 759–776.
46. Bekaert, K.; Devriese, L.; Maes, S.; Robbens, J. Characterization of the dominant bacterial communities during storage of Norway

lobster and Norway lobster tails (Nephrops norvegicus) based on 16S rDNA analysis by PCR-DGGE. Food Microbiol. 2015, 46,
132–138. [CrossRef] [PubMed]

47. Mittenzwey, R.; Süßmuth, R.; Mei, W. Effects of extremely low-frequency electromagnetic fields on bacteria—The question of a
co-stressing factor. Bioelectrochem. Bioenerg. 1996, 40, 21–27. [CrossRef]

48. Yimeng, C.; Chaorong, G.; Wei, L.; Huaiying, Y. The Intestinal Bacterial Community and Functional Potential of LitoPenaeus
vannamei in the Coastal Areas of China. Microorganisms 2021, 9, 1793. [CrossRef] [PubMed]

49. Ryan, M.P.; Pembroke, J.T.; Adley, C.C. Ralstonia pickettii: A persistent gram-negative nosocomial infectious organism. J. Hosp.
Infect. 2006, 62, 278–284. [CrossRef] [PubMed]

50. Lynch, M.F.; Tauxe, R.V.; Hedberg, C.W. The growing burden of foodborne outbreaks due to contaminated fresh produce: Risks
and opportunities. Epidemiol. Infect. 2009, 137, 307–315. [CrossRef] [PubMed]

51. Broekaert, K.; Heyndrickx, M.; Herman, L.; Devlieghere, F.; Vlaemynck, G. Seafood quality analysis: Molecular identification of
dominant microbiota after ice storage on several general growth media. Food Microbiol. 2011, 28, 1162–1169. [CrossRef] [PubMed]

52. Antunes-Rohling, A.; Calero, S.; Halaihel, N.; Marquina, P.; Raso, J.; Calanche, J.; Antonio Beltran, J.; Alvarez, I.; Cebrian, G.
Characterization of the spoilage microbiota of hake fillets packaged under a modified atmosphere (MAP) rich in CO2 (50%
CO2/50% N2) and stored at different temperatures. Foods 2019, 8, 489. [CrossRef] [PubMed]

53. Basak, P.; Biswas, A.; Bhattacharyya, M. Chapter 24—Exploration of extremophiles genomes through gene study for hidden
biotechnological and future potential. In Physiological and Biotechnological Aspects of Extremophiles; Salwan, R., Sharma, V., Eds.;
Academic Press: Cambridge, MA, USA, 2020; pp. 315–325.

54. Daisuke, K.; Yuri, F.; Waka, M.; Yui, N.; Tsutomu, Y.; Kazuki, S.; Shun, Y.; Marie, K.; Kai, S.; Taketo, K.; et al. Identification
of changes in the microflora composition of Japanese horse mackerel (Trachurus japonicus) during storage to identify specific
spoilageorganisms. Curr. Res. Food Sci. 2022, 5, 1216–1224.

55. Rego, D.; Costa, L.; Pereira, M.T.; Redondo, L.M. Cell membrane permeabilization studies of Chlorella sp. by pulsed electric fields.
IEEE Trans. Plasma Sci. 2015, 43, 3483–3488. [CrossRef]

56. Wang, T.-Q.; Li, L.-R.; Tan, C.-X.; Yang, J.-W.; Shi, G.-X.; Wang, L.-Q.; Hu, H.; Liu, Z.-S.; Wang, J.; Wang, T.; et al. Effect of
electroacupuncture on gut microbiota in participants with knee osteoarthritis. Front. Cell. Infect. Microbiol. 2021, 11, 597431.
[CrossRef]

57. Broekaert, K.; Heyndrickx, M.; Herman, L.; Devlieghere, F.; Vlaemynck, G. Molecular identification of the microbiota of peeled
and unpeeled brown shrimp (Crangon crangon) during storage on ice and at 7.5 ◦C. Food Microbiol. 2013, 36, 123–134. [CrossRef]
[PubMed]

58. Chen, X.; Di, P.; Wang, H.; Li, B.; Pan, Y.; Yan, S.; Wang, Y. Bacterial community associated with the intestinal tract of chinese
mitten crab (Eriocheir sinensis) farmed in lake tai, China. PLoS ONE 2015, 10, e0123990. [CrossRef] [PubMed]

59. Iijima, S.; Washio, K.; Okahara, R.; Morikawa, M. Biofilm formation and proteolytic activities of Pseudoalteromonas bacteria that
were isolated from fish farm sediments. Microb. Biotechnol. 2009, 2, 361–369. [CrossRef] [PubMed]

60. Broekaert, K.; Noseda, B.; Heyndrickx, M.; Vlaemynck, G.; Devlieghere, F. Volatile compounds associated with Psychrobacter
spp. and Pseudoalteromonas spp., the dominant microbiota of brown shrimp (Crangon crangon) during aerobic storage. Int. J. Food
Microbiol. 2013, 166, 487–493. [CrossRef] [PubMed]

61. Zhang, W.; Tian, R.-M.; Sun, J.; Bougouffa, S.; Ding, W.; Cai, L.; Lan, Y.; Tong, H.; Li, Y.; Jamieson, A.J.; et al. Genome reduction in
Psychromonas species within the gut of an amphipod from the ocean’s deepest point. Msystems 2018, 3, e00009–18. [CrossRef]
[PubMed]

62. Ercolini, D.; Russo, F.; Torrieri, E.; Masi, P.; Villani, F. Changes in the spoilage-related microbiota of beef during refrigerated
storage under different packaging conditions. Appl. Environ. Microbiol. 2006, 72, 4663–4671. [CrossRef] [PubMed]

63. Mace, S.; Cardinal, M.; Jaffres, E.; Cornet, J.; Lalanne, V.; Chevalier, F.; Serot, T.; Pilet, M.-F.; Dousset, X.; Joffraud, J.-J. Evaluation
of the spoilage potential of bacteria isolated from spoiled cooked whole tropical shrimp (Penaeus vannamei) stored under modified
atmosphere packaging. Food Microbiol. 2014, 40, 9–17. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fmicb.2020.00462
https://www.ncbi.nlm.nih.gov/pubmed/32296401
https://doi.org/10.1016/j.fm.2014.06.022
https://www.ncbi.nlm.nih.gov/pubmed/25475276
https://doi.org/10.1016/0302-4598(95)00504-8
https://doi.org/10.3390/microorganisms9091793
https://www.ncbi.nlm.nih.gov/pubmed/34576689
https://doi.org/10.1016/j.jhin.2005.08.015
https://www.ncbi.nlm.nih.gov/pubmed/16337309
https://doi.org/10.1017/S0950268808001969
https://www.ncbi.nlm.nih.gov/pubmed/19200406
https://doi.org/10.1016/j.fm.2011.03.009
https://www.ncbi.nlm.nih.gov/pubmed/21645815
https://doi.org/10.3390/foods8100489
https://www.ncbi.nlm.nih.gov/pubmed/31614920
https://doi.org/10.1109/TPS.2015.2448660
https://doi.org/10.3389/fcimb.2021.597431
https://doi.org/10.1016/j.fm.2013.04.009
https://www.ncbi.nlm.nih.gov/pubmed/24010590
https://doi.org/10.1371/journal.pone.0123990
https://www.ncbi.nlm.nih.gov/pubmed/25875449
https://doi.org/10.1111/j.1751-7915.2009.00097.x
https://www.ncbi.nlm.nih.gov/pubmed/21261930
https://doi.org/10.1016/j.ijfoodmicro.2013.08.013
https://www.ncbi.nlm.nih.gov/pubmed/24042000
https://doi.org/10.1128/mSystems.00009-18
https://www.ncbi.nlm.nih.gov/pubmed/29657971
https://doi.org/10.1128/AEM.00468-06
https://www.ncbi.nlm.nih.gov/pubmed/16820458
https://doi.org/10.1016/j.fm.2013.11.018

	Introduction 
	Materials and Methods 
	Sample Preparation 
	LFEF Experiment Apparatus 
	Determination of pH during Storage 
	Determination of TVC during Storage 
	Determination of TVB-N during Storage 
	DNA Extraction 
	PCR Amplification and Illumina Sequencing 
	Processing of the Sequencing Data 
	Statistical Analysis 

	Results and Discussion 
	pH Value in Shrimp during Storage 
	TVC in Shrimp during Storage 
	TVB-N Value in Shrimp during Storage 
	Sequencing Data Analysis 
	Species Annotation and Composition Analysis 
	Heatmaps of Species Composition and Key Species Differences 
	Correlation Analysis 

	Conclusions 
	References

