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Abstract: The quality of liquid egg white (LEW) during storage is critical for the development of the
egg industry. In order to effectively control its storage quality, the effects of packaging materials and
storage conditions on the quality of LEW were investigated. High-throughput sequencing (HTS) was
applied to explore changes in bacterial population proportions and microflora in the spoilage of LEW.
The shelf life of LEW packaged with glass (LEW-PG), plastic (LEW-PP), and tinplate (LEW-PT) was
preliminarily determined to be 8, 5, and 7 days, respectively. LEW-PG possessed superior sensory
scores (65) and L values (87.5), and a lower growth rate of total volatile basic nitrogen (TVB-N) content
among the three samples on the last day of shelf life, and was chosen for further study. During 24 days
of storage, the sensory scores of the LEW-PG in 10 °C and 4 °C groups decreased by 32.7% and 25.7%,
respectively. There was no significant difference in foaming properties of LEW-PG between the 10 °C
and 4 °C groups (p > 0.05). HTS analysis showed that the abundance of species composition in
the 10 °C samples was higher than that in the 4 °C samples, though the latter possessed a higher
community diversity. At the genus level, the dominant bacteria in the 10 °C group were Pseudomonas
(21.79%), others (19.21%), and Escherichia (11.21%), while others (37.5%), Escherichia (30.40%), and
Bifidobacterium (17.72%) were highly abundant in the 4 °C samples. It is hoped that this study could
provide theoretical support for quality control of LEW during storage.

Keywords: liquid egg white; packaging materials; storage quality; high-throughput sequencing

1. Introduction

Liquid egg product is a substitute for shell egg consumption, which is obtained
by shell-breaking, shell-separation, egg-yolk separation, filtration, homogenization and
pasteurization. It has a more controllable quality, more convenient use, and greater safety
and convenience during storage and transportation in comparison with shelled egg [1].
Owing to these advantages, the consumption of liquid egg products has been increasing
worldwide [2]. Globally, liquid egg products mainly contain whole liquid egg, liquid
egg yolk, liquid egg white (LEW), special liquid egg with salt or sugar, high-whip egg
whites, and different proportions of egg white and yolk mixtures [3]. LEW, which possesses
superior functional properties, including gelling, foaming, and emulsifying properties, has
been widely used in meat products, surimi products, and flour products [4].

LEW is generally preserved as a refrigerated product. Hence, the critical issue is to
guarantee safety and maintain the functional properties of the LEW, especially in the pack-
aging and storage processes. During the storage process, the properties of LEW are affected
by multiple factors, such as storage temperature, packaging, and microbiological status [4].
Changes in LEW properties are complex, and mainly include sensory quality, total volatile
basic nitrogen (TVB-N), pH, and albumen content, which leads to a decrease in functional
properties [5]. In order to control these changes, several researchers have studied the effects
of storage conditions on functional qualities, such as rheological behavior [6,7], and other
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physicochemical characteristics [8,9]. At present, many studies have highlighted several
emerging sterilization technologies to improve microbial safety, as well as functionality
and nutritionality of LEW products, such as ohmic heating [10], high hydrostatic pres-
sure [11], and ultrahigh temperature [12]. Apart from these approaches, other important
issues for the preservation of the quality of LEW are packaging materials and storage
conditions. The packaging materials for liquid food in industrial production are mainly
plastic, paper, paper-plastic, and tinplate [13]. Plastic and paper packaging materials are
widely used in food packaging due to their good performance and low price [14]. The
molecular substances in plastic or paper packaging materials may, however, migrate to
food or food contents [15]. A certain amount of migration might lead to changes in the
flavor of liquid foods, and may even affect human health [16,17]. It has been reported
that the properties of food substrates and storage conditions are related to the amount
of migration [18] Therefore, it is urgent to find optimal packaging materials and storage
conditions that are suitable for LEW that are combined with its characteristics.

Moreover, effective control of pathogenic bacteria is also a potential alternative for
maintaining the quality of LEW. In early years, a great deal of researchers established
microbiological growth models, aiming to predict shelf life and improve the safety and
quality of LEW [19,20]. However, the deterioration mechanism of LEW during storage
remains unclear. As a result, the development of prevention and control technology for
product storage lacks the necessary theoretical basis. With the rapid development of
molecular techniques, high-throughput sequencing (HTS) has been regarded as a powerful
tool in numerous fields of research, and contributes to presenting dynamic changes in
communities and analyzing the correlations between spoilage bacteria and their metabolic
pathways [21]. In recent studies, there has been a lack of applications of HTS in exploring
the species of spoilage bacteria in LEW during storage.

Taken together, the first purpose of this study is to choose optimal packaging materials
for LEW based on the characteristics. Secondly, the effects of storage conditions on the
functional properties of LEW were investigated. Finally, high-throughput proteomics was
used to investigate changes in the bacterial population proportion and microflora in the
context of spoilage for LEW, aiming to provide theoretical support for quality control of
LEW during storage.

2. Materials and Methods
2.1. Materials and Reagents

Eggs were purchased from Charoen Pokphand Egg Industry Co. Ltd. (Wuhan,
China). An AxyPrep DNA Gel Extraction Kit was purchased from Axygen Biotechnology
Co. Ltd. (Hangzhou, China). A DNA extraction kit, NEXTFLEX Rapid DNA-Seq Kit, was
purchased from BIOO Scientific Co. Ltd. (Pomona, CA, American). Agar, ethanol, boric
acid, methylene blue, magnesium oxide, hydrochloric, sulfuric acid, sodium hydroxide,
and sodium dodecyl sulfate (SDS) were purchased from the China National Pharmaceutical
Group Co. Ltd. (Analytical Reagent, Beijing, China). Tinplate (thickness 0.4 mm), glass
(thickness 2 mm), and plastic (PET, thickness 0.5 mm) packaging materials were supplied
by Hubei Shendan Healthy Food Co., Ltd. (Wuhan, China).

2.2. Preparation of LEW

LEW was prepared according to previous methods [22] with a slight modification.
Eggs were rinsed with running water, scrubbed with 75% alcohol, and dried on a bench
top. An egg splitter was used to separate the white from the yolk. Then, the egg white was
dispersed uniformly using a high-speed disperser (12,500 rpm, 2 min) at room temperature,
filtered with six layers of gauze, and subsequently divided into the three different packing
materials (glass, plastic, and tinplate). The three packaged LEWs were pasteurized, cooled
to room temperature, and stored at different temperatures (room temperature, 4 °C or
10 °C) for further study.
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2.3. Determination of total Bacterial Count

The total bacterial count of LEWs was measured using a previous method with a slight
modification [23]. A 25 mL sample was placed into a sterile conical flask containing 225 mL
of phosphate buffer solution. This solution was flapped using a flapping homogenizer
for 2 min, diluted properly, and added to a sterile Petri dish containing 15-20 mL of agar
medium. After agar medium solidification, the Petri dish was flipped and cultured at
37 °C for 48 h. Then, the total bacterial count for each group was determined using a
bacterial colony counter. The total count of bacteria in the LEW did not exceed the limits
for pathogenic bacteria [24] during the storage days, which was called the shelf life of
the LEW.

2.4. Measurement of Sensory Quality

The sensory quality of the LEW was scored from four aspects: taste, status, odor,
and color. The assessment methods referred to a previous article with a slight modifica-
tion [25], and a description of each level is shown in Table 1. The sensory assessment group
consisted of 10 teachers and students who were trained in egg sensory analysis. During
sensory assessment, all participants adhered to evaluation principles, such as isolation,
non-communication, and rinsing with water before evaluation. Organoleptic assessments
were carried out in a sensory-assessment laboratory. Additionally, the total sensory scores
were the sum of all four aspects.

Table 1. Scoring rules for the LEW.

Evaluation Color Odor Status Taste
(25 Points) (25 Points) (25 Points) (25 Points)
Clear, Normal liquidit
Recognition transparent, and Eggy, no odor no la ecgin Y Normal egg taste
(>80) no turbidity (21-25) (215_’25) & (21-25)
(21-25)
Normal color, a A little eggy, Le}ss hqulc!lty, Abnorme}l €88
Acceptable . - . ) slight particle taste, slight
little turbidity slight curing . .
(60-80) (16-20) odor (16-20) and layering ropiness
(16-20) (16-20)
Abnormal and . Pogr hqu1d1.ty, .
Unacceptable Strong curing obvious particle ~ Heavy ropiness
uneven color .
(<60) odor (<15) and layering (<15)
(<15) (<i5)

2.5. Determination of TVB-N Content

TVB-N content was measured using semi-micro nitrogen determination [26]. First,
LEW was dispersed uniformly with a disperser, 100 mL of distilled water was added,
and then it was soaked for 30 min and then filtered. Second, 10 mL of boric acid solution
(20 g/L) and 5 drops of mixed indicator solution (methyl red ethanol solution:methylene
blue ethanol solution = 2:1) were added to the receiving flask. A condensing tube was
inserted under the liquid level. A total of 10 mL of sample and 5 mL of magnesium oxide
suspension were separately injected into the reaction chamber, and the rod glass plug was
tightened. After distillation for 5 min, the receiving bottle of distillate was moved, and
distilled for 1 min. Then, the lower end of the condensing tube was rinsed with water, and
the receiving bottle was removed. Finally, the end point was titrated with hydrochloric or
sulfuric acid standard titration solution (0.0100 mol/L) and the final color was magenta.
The used calculation formula was from a previous study [27] with slight modifications,
as follows:

(VI-V2) xCx14

mx ()

X = 100 1)
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Xis the TVB-N content; V1 is the volume of hydrochloric or sulfuric acid standard
titration solution consumed by the sample solution; V2 is the volume of hydrochloric
or sulfuric acid standard titration solution consumed by the blank solution; C is the
concentration of hydrochloric or sulfuric acid standard titration solution; 14 is the mass
of nitrogen equivalent in the standard titration solution of 1.0 mL hydrochloric acid or
sulfuric acid, m is the quality of the sample; V is the volume of the filtrate; VO is the total
volume of the sample solution; and 100 is conversion coefficient.

2.6. Measurement of Chromatic Aberration

The determination of chromatic aberration was conducted according to a previous
method [28]. Briefly, a colorimeter was preheated for 30 min, and then calibrated with a
slight amount of hydrazine and a white board. The light source was a D65/10. The param-
eters, including lightness (L), redness (a), and yellowness (b), were obtained. L denoted
the brightness, a and b denoted the parallel color, which is to say that a was a red-green
bias and b was a yellowish-blue bias. When L was 0, it denoted black; when L was 100, it
denoted white. As for a, positive values represented red and negative values represented
green. Positive b denoted yellow, and a negative b denoted blue.

2.7. Determination of Foaming Capacity and Stability

The procedure for foaming capacity and stability was conducted according to previous
published articles [29]. LEW was diluted 10 times with boric acid-sodium hydroxide buffer
solution (pH 9.0). A total of 200 mL of diluent was agitated with a waring blender at a
speed of 12,000 rpm/min at room temperature for 1 min. Foam volume V1 was measured
immediately, and foam volume V2 was measured after being left at room temperature for
25 min. The foaming capacity (Fc) and stability (Fs) of LEW were calculated using the
following equations, respectively [30].

Fc = V1/vo x 100 2)

Fs = V2/v1 x 100 (©)]

V0 is the diluent volume of the sample; V1 is the volume of foam after stirring for
1 min; V2 is the foam volume after being left standing for 25 min.

2.8. Measurement of Emulsifying Activity and Stability

The emulsifying activity and stability of LEW was determined using a previous
method with a slight modification (Bai et al., 2014). A total of 5 mL of LEW and 100 mL of
deionized water were uniformly mixed and was regarded as the sample solution. A total
of 24 mL of sample solution and 8 mL of vegetable oil were placed into a beaker. Then,
the mixture was stirred for 2 min at a speed of 10,000 rpm/min, and 100 puL of emulsion
was quickly taken from the bottom of the liquid and put into a test tube containing 10 mL
SDS solution (0.1%) at 0 min and then at 10 min. The absorbance values were measured at
500 nm, and the SDS solution was regarded as a blank control. The calculation formulas
for the emulsifying activity (EA) and stability (ES) were as follows [31]:

EA_2><2.303><A0><DP
710000 x @ x L x C

A0
A0 —A10 ©)
A0 is the absorbance value measured at 0 min; DF is a dilution ratio; 0 is the proportion
of oil used to form the emulsion; L is the thickness of the color plate; C is the concentration
of LEW; and A10 is the absorbance value measured at 10 min.

4)

ES
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2.9. DNA Extraction, Amplicon Amplification

According to previous articles, LEW reached spoilage over 40 d under storage at
4 °C[32]. In order to investigate the changes in the bacterial population structure and the
microflora of spoilage of LEW, LEW was stored in different storage environments (4 °C
and 10 °C) for 50 days. The total DNA of each sample was extracted using the AxyPrep
DNA Gel Extraction Kit, according to the manufacturer’s protocol. The quality of extracted
genomic DNA was detected using 1% agarose gel electrophoresis. The universal and
specific primers for the 165 rRNA gene in the V3-V4 region were synthesized using a real-
time PCR instrument (Thermo Fisher Scientific, USA). PCR amplification cycles included
an initial denaturation for 15 s at 95 °C, followed by annealing for 15 s at an appropriate
Tm, and then extension for 1 min at 72 °C for 40 cycles. Each sample was replicated three
times. PCR products from the same sample were mixed and detected with 2% agarose gel
electrophoresis.

2.10. High-Throughput Sequencing

High-quality amplified fragments from each sample were then pooled at the same
concentration and sent to Illumina’s MiSeq/HiSeq platform for sequencing according to
Novogene’s manufacturer’s instructions. Then, paired-end (PE) reads obtained from the
MiSeq sequencing were stitched according to the overlap relationship, and the quality
of the sequences was also controlled and filtered. After the samples were distinguished,
operational taxonomic unit (OUT) cluster analysis and species taxonomic analysis were
performed. The diversity index of the OUT could be analyzed based on the results of
OTU cluster analysis. The community structure could also be statistically analyzed at each
taxonomic level, based on taxonomic information.

2.11. Statistical Analysis

Data were presented as mean =+ standard deviation (SD). Statistical analysis was per-
formed using one-way analysis of ANOVA with Duncan’s multiple range test. p-values < 0.05
were considered as statistically significant. Different lowercase letters in the figures and
tables indicate significant differences.

3. Results and Discussion
3.1. Effect of Different Packaging Materials on LEW
3.1.1. Total Bacterial Count and TVB-N Analysis

As shown in Figure 1a, there was no significant difference in total bacterial count for
the LEW among the three different packaging materials when stored at room temperature
for 0-3 days. These results might be attributed to the inhibition of anti-bacterial substances,
such as lysozyme, ovotransferrin, etc. With an increase in storage time, the total bacterial
count of LEW-PG (6th day), LEW-PP (3rd day), and LEW-PT (4th day) began to increase
sharply, which may be related to the decrease of antibacterial substance and thick white as
well as the increase in thin white and dominant spoilage organisms (Salmonella enterica and
Carnobacteriaceae family [33]. Additionally, the total bacterial count of LEW-PG (9th day),
LEW-PP (6th day), and LEW-PT (8th day) were greater than 1*10° CFU /mL, which exceeded
the limit of pathogenic bacteria in food [24]. Hence, the shelf life of LEW-PG, LEW-PP,
and LEW-PT was preliminarily determined to be 8, 5, and 7 days, respectively. Follow-up
studies of egg white liquid were carried out within the shelf life.

TVB-N is commonly used to measure the freshness index of protein-rich foods [9]. It
was reported that a TVB-N content of 30 mg/100 mL was regarded as the upper acceptable
limit for human intake [34]. As shown in Figure 1b, the TVB-N content of LEW-PP, LEW-PT,
and LEW-PG showed an increasing trend with the increase in storage time, and the TVB-N
values on the 5th, 7th and 8th days were 19.15, 19.18, 18.64 mg/100 mL, respectively. A
similar phenomenon was also found in previous work [9]. It could be inferred that these
results may be due to ammonia production in LEW during storage. In addition, the growth
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0

rate of TVB-N content in LEW-PG was lower than that of LEW-PP and LEW-PT, presumably
because of the slow microbial growth, to some extent.

_ 25
€ Glass
i —e— Tinplate d —¢— Tinplate
P 20 -m— Plastic e g h
- —@~ Plastic —_
) 4
£
=
S 15
¢ .
g
z
-
-
[
L L 1 1 L L 1

a
4 5 6 7 8 9 10
Storage time (d) Storage time (d)
Figure 1. The effect of different packaging materials on (a) total bacterial count, (b) TVB-N value of
LEW during storage at room temperature. Different lowercase letters in the figure indicate significant
differences within groups (p < 0.05).

3.1.2. Sensory Quality

Sensory evaluation is one of the common approaches for judging the quality and
acceptance of egg product [35]. The results of the total sensory scores, including color, odor,
status, and taste, are shown in Tables 2—4. Sensory qualities on day zero of storage were
satisfied for all groups; while the total sensory scores of LEW-PG, LEW-PP, and LEW-PT
decreased significantly with the increase in storage time. Decomposition of proteins and
fats, as well as microbial activities (Pseudomonas spp., Shewanella putrefasciens provisions)
might be the main cause for the decrease in total sensory scores [36]. As presented in
Table 4, LEW-PT had the lowest color, odor, and total sensory scores on the last day of
shelf life. These results might be due to the reaction between acid metabolites produced
during the storage and the tinplate packaging, leading to a separation of metal ions and
undesirable changes in sensory qualities [37].

Table 2. Changes in sensory quality of LEW-PG with room temperature storage.

Storage Days Color Odor Status Taste Total Scores
0 25,04 2504 25.04 25.0¢ 100.0 8
1 213+06° 21.7+15P  220+1.0d 21.0+1.04 86.0+26f
2 180+1.0b 173+15P 23.0+1.09 220+1.049 80.3 +4.2¢f
3 183+15P 180+1.0Pb 23+159  197+06°d  783+32°
4 177 +06P 180+1.1Pb 20+109 17.7+06bP¢  753+12de
5 160+ 1.0 17.0+12P 19.0+1.0¢ 18.0+1.7bc 700+ 4.4cd
6 170+ 1.0b  176+06P  167+2.1bc 157+ 0.6  67.0+1.7bc
7 170+ 1.0P 180+1.0b 173+ 0.6b¢ 167+15P  69.0+36¢
8 160+ 10> 140+1.0° 147 +£062 163 +15P 65.0 £2.6"
9 13.0+1.02 163+063  127+152 113+152 533+292

Different lowercase letters in the tables indicate significant differences (p < 0.05).
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Table 3. Sensory quality of LEW-PP with room temperature storage.

Storage Days Color Odor Status Taste Total Scores
0 25.0f 2504 25,04 25.0¢ 100.0 f
1 233+06°  240+1.0°% 230+1.0° 223+064 92.7+06°
2 21.0 +1.09e 217+15°¢ 21.0+1.0¢ 200=+1.0° 83.7 + 454
3 193+ 15 18.04+ 1.0 21.0+1.0¢ 183+ 0.6°¢ 767 £25°¢
4 173+15b¢  173+15P  180+1.0b 167+062 693 +15P
5 16.0 = 1.02P 160+ 1.0 163+06P 163+153  47+32b
6 140+1.0° 133+0.62 1434+062 1504102 56.7 £1.52

Different lowercase letters in the tables indicate significant differences (p < 0.05).

Table 4. Sensory quality of LEW-PT with room temperature storage.

Storage Days Color Odor Status Taste Total Scores
0 25.08 250f 250°¢ 250°¢ 100.0 8
1 23.0+1.0f 230+ 1.0¢f 23.0+1.0¢ 23.0 £ 1.0 92.0+35f
2 21.0+1.0¢ 21.0 £ 1.0 20.0 £1.0P 21.0+ 1.0 83.0+26¢
3 18.7 + 0.6 4 193 +1.5¢< 17.7 + 0.6 2 19.0 + 1.0b¢ 747 + 214
4 16.7 £0.6°¢ 19.3 £05¢< 173 +£213 16.7 £ 0.6 70.0 + 2.0 <d
5 15.7 £ 0.6 ¢ 17.0 £1.0b¢ 160+£1.02 173 +213 66.0 + 3.5 b¢
6 15.3 + 1.5 be 163 +2.1P 157 +£152 150 +1.02 623 +1.2P
7 140 +£1.0° 160+ 1.0 160+1.02 153+ 122 613+0.60
8 117+ 062 100+ 1.02 147+ 122 15.0 +2.02 51.3+1.242

Different lowercase letters in the tables indicate significant differences (p < 0.05).

3.1.3. Color Difference

Color values (L, a, b) of LEW-PG, LEW-PP, and LEW-PT are shown in Figure 2a—c.
L represents lightness, and the value range is 0-100, where 0 = black and 100 = white.
As presented in Figure 2a, the L values of LEW-PG, LEW-PP, and LEW-PT decreased
significantly with the increase in storage time (p < 0.05), and the values were reduced
by 3.73%, 1.42%, and 39.24%, respectively, on the last day of shelf life. A positive value
represents red hues, and a negative value represents green hues. Less statistical fluctuation
of a value in the LEW-PG and LEW-PP groups was observed throughout the storage time,
showing a visible green tint (Figure 2b). The value of LEW-PT was elevated significantly
and reached a positive value (as well as presenting a visible red hue), which was consistent
with color changes in the context of sensory quality. This phenomenon might be associated
with the formation of Fe**-acid metabolite complexes in the tinplate package [38]. A
positive b value represented yellow tints, and a negative b value represented blue tints. As
shown in Figure 2c¢, the b value of these three groups showed an irregular trend, and was
mainly affected by multiple factors, such as gas tightness and light reflection [39].

Glass Glass

== Tinplate

Glass ®
=+ Tinplate
& Plstic

—+ Tinplate

~&= Plastic
- Plastic

b value

a value

Storage time (d)

Storage time (d)

Storage time (d)

Figure 2. The effect of different packaging materials on chromatic aberration of LEW during storage
at room temperature. (a) L value (lightness), (b) a value (redness), (c) b value (yellowness). * p < 0.05
versus fresh LEW.
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Overall, the glass packaging material was suitable for the preservation of LEW at room
temperature, and was chosen for further study.

3.2. Effect of Different Storage Condition on LEW-PG
3.2.1. Sensory Analyses

The effect of storage time on the sensory quality of LEW-PG was investigated under
storage temperatures of 10 °C and 4 °C. As shown in Figure 3a,b, the sensory quality of
these two groups showed a decreasing trend throughout the 24 days of storage. The sensory
scores of the 4 °C group decreased slowly compared with the 10 °C group, demonstrating
a preservative effect of low temperature against undesirable changes during the storage
time. These results may be attributed to the inhibition of enzyme activity and microbial
growth due to the lower temperature to some extent [40].

o
a 4°C b o 10°C
120,
= mmm Taste
—_—
—_—
§ 90 g
g 2
- t.
-
] S 60
2 60 z
g o
o~ 2l
z 3
= S
E 30 - 30
0
! © > ® S > ® N RO >
N N
Storage time (d) Storage time (d)
R Foaming capacity == Foaming stability | 105 d 1500 Foaming capacity === Foaming stability | 105
. f
b ¢ € b c a
. 2 d
- o) Z. o]
T 100} 7 J100 € T 100 J10 g
<
= = E c Z
= . z
2] b O% ; b b b z
g a £ 2
g g E g
3 SO0 Jo5 = g 50 Jos =
= . g = 2

NG

“%

Storage time (d)

? > ® R

N

Storage time (d)

Figure 3. Sensory quality of LEW under (a) 4 °C and (b) 10 °C storage conditions. Foaming properties
of LEW under (c) 4 °C and (d) 10 °C storage conditions. Different lowercase letters in the figure
indicate significant differences within groups (p < 0.05).

3.2.2. Foaming Properties

It is accepted that egg white possesses excellent foaming properties, and has been
widely used in food processing [4]. As shown in Figure 3c,d, the foaming capacity of
the 10 °C and 4 °C groups first decreased and then increased with the increase in storage
time. As such, the foaming capacity of these two groups both reached a minimum value of
128.23% and 127.9% on the 12th day. There are probably two reasons for this phenomenon.
One of reasons might be due to the degeneration and decreased solubility of egg white
protein, caused by heat treatment, resulting in a decrease in foaming [41]. On the other
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hand, numerous insoluble flocculus in water appeared throughout a storage time of 0-12 d,
which makes it difficult for egg white proteins to expand and absorb at the gas-liquid
interface, leading to a gradual decline in egg white foamability [42,43]. While, the foaming
capacity of LEW began to increase after 12 d, this might be attributed to the dissociation of
egg white protein from the complex with the prolongation of storage time (12-24 d) [44,45],
leading to the higher protein solubility and foaming capacity of LEW.

As presented in Figure 3c,d, the foaming stability of LEW in 10 °C and 4 °C group
both showed a decreased trend and then an increased trend throughout storage time
(0-24 d). As such, the foaming stability of the two groups gradually increased during a
storage time of 0-8 d. This may be due to the denaturation precipitation of proteins with
poor thermal stability caused by pasteurization, protein surface exposure of hydrophobic
groups, and quick protein absorption on the water—gas interface, resulting in a stronger
mechanical interface strength and elasticity and increased foam stability [46]. Meanwhile,
the interaction between protein molecules was enhanced, leading to the formation of a more
stable network structure among protein molecules through non-covalent bonds, followed
by an increase in foaming stability of LEW [42,47]. After 8 d, the foaming stability of
LEW in the 10 °C and 4 °C groups both reduced significantly (p < 0.05), and the foaming
stability of the former was higher than that of the latter. These results might be due to the
further exposure of hydrophobic groups inside the protein, he formation of more aggregates
between protein molecules, and the breakdown of the stability of the optimal water—air
interface, which resulted in a decline in foaming stability [45].

In general, the total sensory quality of the 4 °C group was superior to that of the
10 °C group after 24 days of storage; there was no significant difference in the sensory and
foaming properties of LEW-PG between the 10 °C and 4 °C groups. Regarding the results
of sensory quality and the economic costs of storage, 10 °C and 4 °C were both suitable for
the preservation of LEW packaged with glass, to some extent. Hence, LEW-PG samples
stored at 10 °C and 4 °C were used for further study.

3.3. High-Throughput Sequencing Analysis
3.3.1. OTU Analysis

The dilution curve can reflect the sampling depth of samples in the HTS process,
so it is a common indicator to evaluate whether sequencing data fully cover a microbial
community. In order to investigate the validity of sequencing quantity of egg white, data
were randomly selected from the original data obtained by sequencing and the species
diversity index was counted to obtain the dilution curve. As shown in Figure 4a, the OTU
curve gradually flattened out with an increase in data, showing that the OTU coverage
of the samples had basically been saturated, and more data marginally contributed to the
discovery of new OTU This result indicated that the sequencing data volume was large
enough to reflect the vast majority of microbial diversity information in the samples used
in this study. As presented in the rank-abundance curve (Figure 4b), there was an obvious
difference between the abundance and uniformity of the microorganisms. As such, the
curve of the 10 °C group was relatively smooth with a large horizontal span, indicating
the abundance of species composition and the high uniformity of LEW stored at 10 °C.
The curve of the 4 °C group was steeper with a small horizontal span, demonstrating the
low abundance of microorganisms and a numerical advantage of one or several kinds of
microbials [48] in LEW stored at 4 °C.

3.3.2. Alpha Diversity Analysis

The diversity and abundance of microbial species in egg white samples were evaluated
using the alpha diversity index, including Ace, Chao, Coverage, Shannon, and Simpson
(Table 5). Ace and Chao are used to evaluate the abundance of microbials, and the value of
these two indexes had a positive correlation with abundance. Shannon and Simpson are
used to calculate the diversity of a bacterial community, and their values showed positive
and negative correlations with diversity, respectively. As shown in Table 5, the coverage
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of LEW in the 10 °C and 4 °C groups both reached over 99%, which demonstrated that
sequencing could reflect the real situation of the samples. The Ace, Chao, and Shannon of
LEW in the 10 °C group were higher than those in the 4 °C group, while the former had a
lower Simpson value. These results demonstrated that LEW in the 10 °C group possessed a
higher abundance and uniformity of microbials.
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Figure 4. (a) Dilution curve; (b) rank-abundance curve. Relative abundances of bacterial communities
of LEW under (c) 4 °C and (d) 10 °C storage conditions at the family level.

Table 5. Diversity index.

Sample Ace Chao Coverage Shannon Simpson
4°C 310 310 1.0 3.48 0.08
10°C 761.2 761 0.99 4.01 0.13

3.3.3. Bacterial Abundance and Distribution

As shown in Figure 4c,d, the 4 °C and 10 °C samples covered 17 and 18 families at the
family level, respectively, showing similarity in the invasion species in both groups during
the process of egg white spoilage. The dominant bacteria in the 4 °C group were from others
(32.27%), Enterobacteriaceae (30.70%), and Bifidobacteriaceae (18.78%). The bacteria in the
10 °C group with the highest abundance belonged to Pseudomonadaceae (21.8%), followed
by Moraxellaceae (14.35%), others (13.62%), and Enterobacteriaceae (12.3%). These results
suggested that the dominant spoilage bacteria were markedly different in the two groups,
which might be attributed to the different optimum growth temperatures of spoilage bacte-
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ria [49]. It has been reported that Pseudomonadaceae often exists in the spoilage of cryogenic
liquid eggs [50], which is consistent with the results of these experiments. Pseudomon-
adaceae infection during breeding of poultry might occur through wounds, umbilical cords,
environment, or infiltration through eggshells, and was also common in fresh eggs [51].

As shown in Figure 5, Pseudomonas (21.79%), others (19.21%), and Escherichia (11.21%)
were highly abundant in the 10 °C samples. The dominant bacteria in the 4 °C group were
others (37.5%), Escherichia (30.40%), and Bifidobacterium (17.72%). Among the dominant
bacteria in the 10 °C group, Pseudomonas, which is known to play an important role
in egg spoilage [50], accounted for the largest proportion. As a saprophytic bacterium,
Pseudomonas are able to utilize new nutrients (lactate, succinate) after glucose depletion,
giving them an ecological advantage over non-proteolytic bacteria or less-proteolytic
bacteria [52]. The relative abundance of Bifidobacterium in the 4 °C sample (17.72%) was
higher than that in the 10 °C sample (7.10%). It has been reported that Bifidobacterium has
an antagonistic effect on the growth and reproduction of other bacteria [53], which may
contribute relatively to extending the shelf life of LEW under a storage temperature of
4 °C. It is accepted that Escherichia is an important contributor to the spoilage of eggs and
egg-derived products [54]. In the present study, Escherichia appeared at a relatively high
abundance in the two groups, though especially in the 4 °C sample.

100

unknown
Pseudocatenulatum
Carnobacterium
Ralstonia
Psychrobacter
Macrococcus
Weissella

Others
Pseudomonas
Delftia
Vicinamibacteraceae

Acinetebacter
Phascelarciobacterium

Relative abundance (%)

Vicinamibacterales
Collinsella
Bifidobacterium
Escherichia

B

Figure 5. Relative abundances of bacterial communities of LEW at the genus level.

The relative abundance and distribution of the microbial species showed significant
differences in the two groups, which may be attributed to the following reasons. In the early
stage of storage, different storage temperatures may be the main cause for the difference
in microbial distribution between the two groups. Subsequently, depletion of glucose
resources results in a shift from saccharolytic to amino-acid degrading metabolism [52],
leading to changes in bacterial species. Additionally, dominant bacteria controlled the
population behavior by secreting soluble small molecules and gained survival advantages,
which are called microbial quorum sensing [55]. Several studies have shown that Enter-
obacteriaceae produce a rich array of molecules that might affect bacterial traits, which were
involved in the process of product spoilage during storage [56,57].
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4. Conclusions

In the present study, the shelf life of LEW-PG, LEW-PP, and LEW-PT was preliminarily
determined to be 8, 5, and 7 days, respectively. Our observations revealed that a glass
packaging material and cold storage (10 °C or 4 °C) were better for LEW storage. Our
findings also clarified and confirmed the marked differences in the diversity and abundance
of microbial species between the 10 °C and 4 °C samples. At the genus level, the dominant
bacteria in the 10 °C sample were Pseudomonas, others, and Escherichia, while others,
Escherichia and Bifidobacterium were highly abundant in the 4 °C group. These results might
provide guidance for the optimization and control of the preservation of LEW. Additionally,
future studies will focus on the decomposition status of proteins and fats in LEW under
the action of extracellular enzymes belonging to specific putrefying bacteria, followed by
explanation of the deterioration mechanisms of LEW quality during storage.
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