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Abstract: Lactic acid bacteria metabolites can be used as a clean-label strategy for meat products
due to their "natural" and antibacterial properties. In this study, the feasibility of using cell-free su-
pernatant of Lactiplantibacillus plantarum 90 (LCFS) as a natural antibacterial agent in ground beef
was investigated. And the sensitivity of LCFS to pH, heat and protease, as well as the changes of
enzyme activities of alkaline phosphatase (AKP) and Na*/K*-ATP together with the morphology of
indicator bacteria after LCFS treatment were analyzed to further explore the antibacterial mecha-
nism of LCFS. The results showed that the addition of 0.5% LCFS inhibit the growth of microorgan-
isms in the ground beef gel and extend its shelf-life without affecting the pH, cooking loss, color
and texture characteristics of the product. In addition, the antibacterial effect of LCFS was the result
of the interaction of organic acids and protein antibacterial substances by destroying cell structures
(cell membrane etc.) to achieve the purpose of bacteriostasis. This study provides a theoretical basis
for the application of LCFS in meat products and a new clean-label strategy for food industry.

Keywords: Lactiplantibacillus plantarum 90; Cell-free supernatant; Clean label; Ground beef preser-
vation; Bacteriostatic mechanism

1. Introduction

As a nutrient-rich matrix, meat and its products play an important role in human
diet. However, the abundance of nutrients also makes it a natural medium for both spoil-
age and pathogenic microorganisms . Therefore, in the processing of such products, it is
often necessary to add some preservatives to ensure their safety, as well as some textur-
izers to improve their sensory quality. 23. Nevertheless, in recent years, consumers are
more pursuing a "natural” diet, "clean label" has become a market trend. The characteris-
tics of meat products leave the meat industry face a major challenge in developing clean-
label meat products 4 To this end, researchers have also carried out relevant study * to
make meat products relatively more "natural, healthy and safe". The alternatives of clean
label for current common additives in meat processing were shown in Fig.1. It can be seen
from Fig.1 that most of the clean label substitutes for additives in meat products are nat-
ural substances of plant origin. Among them, alternatives for clean label of antimicrobial
agents in meat also include lactoferrin and lysozyme from animals 56 as well as some lactic
acid bacteria and their metabolites’. However, alternatives of animal origin are relatively
expensive, while some plant-derived substances can negatively affect the aroma of the
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final products ¢. In the context of natural antimicrobials being favored, lactic acid bacteria
and their metabolites have attracted widespread attention from consumers.
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Figure 1. The alternatives of clean label for current common additives in meat processing *7.

<

Nowadays, the antibacterial effects of many lactic acid bacteria and their metabolites
have been confirmed, and they have been “generally recognized as safe" (GRAS) by rele-
vant regulatory agencies and approved for use in the field of food antisepsis 7. And most
probiotics have bacteriostatic effects due to the amounts and diversity of metabolites pre-
sent in their cell-free supernatants (CFS) 8. Moreover, compared with live probiotics, CFS
is more stable in food system 1°. The application of CFS helps to reduce the use of chemical
preservatives which meet the consumer demand for "fresh, natural” food ''. Therefore, the
addition of CFS may be an effective clean-label strategy in the field for the preservation
of meat products.

Lactobacillus plantarum (L. plantarum) is one of the most widespread species of the ge-
nus Lactobacillus which being widely used in the food industry 8. It has been reported by
Arrioja-Breton et al.’2 that CFS of L. plantarum was effective in reducing the microbial load
of inoculated bacteria in beef, mainly S. Typhimurium and L. monocytogenes. And CFS mar-
inade has a certain effect on the color of raw beef, while on grilled meat, changes were
scarcely detected. Houssam Abouloifa et al.!® studied the bio-preservation effect of probi-
otic Lactiplantibacillus plantarum S61 against Rhodotorula glutinis and Listeria monocytogenes
in poultry meat, and the results showed that, L. plantarum S61 strain allowed the reduction
of L. monocytogenes in minced poultry meat during 7 days of storage at 4°C and also im-
proved the physicochemical and color parameters of poultry minced meat. In addition, in
our previous study ', it was found that the CFS of L. plantarum 90 (LCFS) had the best
inhibitory effect on typical spoilage bacteria in liquid egg among several CFSs of lactic
acid bacteria. However, considering the differences in food systems, its preservation effect
on ground beef products remains to be explored. Meanwhile, the antimicrobial substances
in LCFS and their antimicrobial mechanisms remain unclear. Some studies'>'” have shown
that the antibacterial effect of cell-free supernatant of L. plantarum was related to the or-
ganic acids and bacteriocins produced by it, and the antibacterial effect was achieved by
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destructed the cytoplasm, cell membrane, and cell wall of target microorganisms. How- 75
ever, the antibacterial substances produced by different strains and their antibacterial 76
mechanisms are specific, and no study has been found on the antibacterial substances of 77
L. plantarum 90 and their mechanisms of action. Therefore, this study aims to investigate 78
the feasibility of LCFS as a clean-label strategy for the preservation of ground beef prod- 79
ucts, and further explore the antibacterial substances in LCES and its antibacterial mech- 80
anisms, so as to provide theoretical basis for its application as a clean-label alternative in 81

the future. 82
2. Materials and methods 83
2.1. Chemicals and materials 84

Beef and butter were purchased from a local supermarket (Yangzhou, Jiangsu 85
China). All the microbial media used in the experiments were bought from Qingdao Hope 86
Bio-Technology Co., Ltd. (Qingdao, Shandong, China). AKP and Na*/K*-ATP kits were 87
obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Neutral pro- 88
tease (2x105 U/g), papain (8x105 U/g), Pepsin (1200 U/g) and trypsin (2.29x10¢ U/g) were 89
purchased from Sinopharmate Chemical Reagent Co., LTD. (Shanghai, China); Protease 90
K (3x10° U/g) was purchased from Solaibao Biotechnology Co., LTD. (Guangzhou, China); 91
Oxford Cups (8*6*10 mm) were bought from Shanghai Jingchong Electronic Technology = 92
Development Co., Ltd. (Shanghai, China). 96 - well plates were purchased from Hengkang 93
Medical Group Inc. (Wuxi, China). All the other reagents were of analytical grade. 94

2.2. Bacteria and culture conditions 95

The strain of L. plantarum 90 was obtained from Weikang Biotechnology Co., Ltd. 96
(Suzhou, Jiangsu, China). The strain of Pseudomonas putida 13, Microbacterium sp. 97
ALBL_062, Salmonella CICC 21513 and Staphylococcus aureus ATCC 6538 came from our 98
own laboratory. The strain of L. plantarum 90 (1%, v/v) was inoculated into MRS media 99
aerobically cultivated at 37°C for 24 h. The strain of Pseudomonas putida 13 and Microbacte- 100
rium sp. ALBL_062 (1%, v/v) were inoculated into LB media and aerobically cultivated at 101
30°C for 24 h. While the strain of Salmonella CICC 21513 and Staphylococcus aureus ATCC 102
6538 (1%, v/v) were inoculated into LB media and aerobically cultivated at 37°C for 24 h. 103
Before each experiment, frozen strains were twice cultivated. 104

2.3. Preparation of LCFS 105

L. plantarum 90 (1%, v/v) was cultured in MRS media and incubated at 37°C for 18 h. 106
Bacteria and supernatant were separated by centrifugation (8000 g, 10 min). Then, the su- 107
pernatant was filtrated using 0.22 pum sterile filters. The filtered supernatant was concen- 108
trated by a rotary evaporator and pre-frozen in a - 80°C refrigerator, after which it was 109
freeze-dried in a lyophilizer (SCIENTZ-10N, Ningbo Xinzhi Biotechnology Co., LTD) for 110

48 h. And the freeze-dried LCFS were collected in sterile sampling bags for later use. 111
2.4. Preservation of ground beef gel 112
2.4.1. Sample preparation 113

The beef and butter were chopped into small pieces using a meat grinder and then 114
mixed to a fat to lean ratio of 4:6. Subsequently, 1% NaCl, 20% water and different contents 115
of LCFS (0%, 0.5%, 1%, 2.5%, 5%) were added to the mixed system (LCFS were dissolved 116
in water before added to the system). The ground beef mixtures with different LCFS con- 117
tents were separately stirred clockwise for 5 minutes. After that, each 30 g of them was 118
loaded into a 50 mL flat-bottom centrifuge tube. Samples in the centrifuge tube were com- 119
pressed and then heated in a water bath at 100°C for 30 minutes to obtain the ground beef 120
gel. Then the prepared ground beef gel was cut into 1em high cylinders and separately 121
loaded into sterile bags, all samples were stored in the refrigerator at 4°C for 10 days. 122
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2.4.2. Determination of microbial counts of ground beef gel 123

Samples with different LCFS contents were removed from the refrigerator each day 124
to determine their total aerobic mesophilic count (TAM). The TAM was detected on the 125
basis of our previous study 8 by plate counting method. And the incubation condition 126
was 30°C, 3 days, aerobic. 127

2.4.3. Determination of the pH, cooking loss and color of ground beef gel 128

The pH value of samples were determined according to the method reported by Lu 129
et al. 1 with slight modifications. 10 g minced sample of ground beef gel with 9 mL of 130
distilled water were shaken for 30 s and then macerated for 30 min, after which the pH of 131

the supernatant was determined using a pH meter. 132
Samples of ground beef were weighed before and after cooking (cooled to approxi- 133
mately 25°C), and the cooking loss was calculated according to Eq (1): 134
Cooking loss (%) = (Mo—Mz1) / Mo * 100 1) 135
Where Mo and M1 represent the weight of the ground beef samples before and after 136
cooking, respectively. 137

The L*, a* and b* values of ground beef gels were determined by Ultra Scan Prol 166 138
spectrometer (Hunter Lab, Reston, USA) against standard black and white background. (139
Where L* = lightness on a 0 -100 scale from black to white, a* = scale of red (+) or green (- 140
), b* = scale of yellow (+) or blue (-).) The gel samples were sealed in a plastic bag, three 141
points of the bag were analyzed and an average value was obtained for each sample. The 142
AE is the total color change of ground beef gels with different LCFS additions calculated 143

from Eq (2)%: 144
AE =./(dL")* + (da*)? + (db*)? ) 145
2.4.4. Determination of the texture of ground beef gel 146

The texture property was determined according to our previous method 2. The gels 147
that have been refrigerated overnight were removed from the fridge. Before measure- 148
ment, the gels were equilibrated to room temperature (25°C). The compression test of the =~ 149
gel samples was carried out using a P/35 probe integrated with a texture analyzer (Stable 150
Micro Systems, Godalming, UK). Typical parameters were as follows: Operating mode: 151
Texture profile analysis (TPA), pre-test speed: 2.0 mm/s, test speed: 2.0 mm/ s, post-test 152
speed: 2.0 mm /s; trigger mode: strain, Strain: 50%; trigger type: Auto (force); trigger force: 153

50g. 154
2.5. Antimicrobial properties of LCFS 155
2.5.1. Dynamics of growth and bacteriocin production 156

The secondary activated strain of L. plantarum 90 was inoculated into The MRS liquid 157
medium with 1% (v/v) of the inoculation amount and cultivated at 37°C for 24h. In the 158
course of cultivation, samples of bacteria suspension were taken every 2 h, and the OD600 159
values of the samples was measured. After that, the bacterial suspension was centrifuged 160
at 8000 g for 10 min, and the supernatant was taken to obtain LCFS. The LCFS was filtered 161
with a 0.22 pm sterile filter for reserve. The pH of LCFS was determined using a digital 162
pH meter (Delta320, Mettler-Toledo Instrument Co., Ltd., Shanghai, China). Then, the an- 163
tibacterial activity of LCFS was determined by oxford cup method 2! with Pseudomonas 164
putida 13 as the indicator strain. 165

2.5.2. MIC and MBC of LCFS 166

The freeze-dried LCFS was resuspended in sterile LB broth to reach an initial con- 167
centration as 2 g/mL, after that it was diluted to a concentration gradient of 20, 18, 16, 14, 168
12, 10, 8 mg/mL. A total of 100 pL different concentrations of LCFS were mixed with 100 169
uL indicator bacteria (approximately 107 CFU/mL, Pseudomonas putida 13, Microbacterium 170
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sp. ALBL_062, Salmonella CICC 21513 and Staphylococcus aureus ATCC 6538) in mi- 171
croporous plates. And 100 uL sterile LB broth mixed with 100 uL indicator bacteria were 172
set as the control group. Meanwhile, to ensure the sterility of LB broth, 200 uL LB broth 173
was used as the blank control. The microporous plates containing different indicator bac- 174
teria were cultured at the optimal growth temperature of each indicator bacteria for 24 h, 175
and the turbidity of each hole in the microporous plates was observed. The lowest con- 176
centration of LCFS corresponding to the hole without turbidity was the minimum inhibi- 177
tory concentration (MIC) of LCFES to the indicator bacteria. Then, 50 pL mixture was taken 178
from each well of the microplate and the number of viable bacteria was counted by plate 179
counting method (PCA; pour plate), while the lowest concentration of LCFS with com- 180
pletely inactivated indicator bacteria was the minimum bactericidal concentration (MBC) 181
of LCFS for each indicator bacteria. 182

2.5.3. Growth curve and time-killing curve 183

The growth curves and bactericidal curves of the four indicators mentioned above 184
were measured by the method of Yi, et al. 2. Briefly speaking, the indicator bacteria (at 185
the logarithmic stage of growth) were exposed to LCFS at the concentrations of 1xMIC or 186
2xMIC respectively. After that, they were cultured at their own optimum growth temper- 187
ature for 24 h, and samples were taken at 2-hour intervals (i.e., 0, 2, 4, 6, 8, 10, 12, 14, 16, 188
18, 20 and 24 h), while the OD600 of each sample was determined immediately. The de- 189
termination method of the time-killing curves was similar to that of the growth curves. 190
That is, the indicator bacteria were exposed to LCFS of 1xMIC or 2xMIC, cultured at the 191
optimum temperature for 10 h of each bacterium, and the number of viable bacteria in 192
each sample was calculated by plate counting method at 0, 2, 4, 6, 8, and 10h, respectively. 193
Moreover, in both of the experiments, untreated samples were used as controls. 194

2.5.4. Effects of pH, heat and enzymes on LCFS 195

The tolerance of LCEFS to different pH values, different heat treatment and different 196
enzymes was determined by referring to the method of Peng et al. . In order to evaluate 197
the stability of LCFS to pH, its pH was adjusted to 2.0 - 9.0 with 3 M sodium hydroxide or 198
3 M hydrochloric acid, and a sample of pH 3.62 (the original pH of LCFS) was used asa 199
control. To evaluate the thermal stability of LCFS, it was heated at 60 °C for 10/30 min, 80 200
°C for 10/30 min, and 100 °C for 10/30 min in a thermostatic water bath and at 121 °C for 201
15 min in an autoclave. In order to evaluate the enzyme sensitivity of LCFS, it was treated = 202
with 1mg/mL Neutral proteinase, Pepsin, Trypsin, Papain and proteinase K. Meanwhile, 203
the untreated LCFS was used as control. Finally, all samples were incubated in a water 204
bath at 37°C for 4 h and then enzyme inactivated at 100°C for 5 min. After pH, heat and 205
enzyme treatment, the bacteriostasis of the treated LCFS was measured by the oxford cup 206
method with the four strains listed in the subsection 2.5.2 as indicators. 207

2.5.5. enzyme activities of AKP and Na*/K*-ATP from indicator bacteria 208

The enzyme activities of AKP and Na*/K*ATP from indicator bacteria was measured 209
according to the method described by Sun et al. 2 with a slight change. The indicator bac- 210
teria cultured to the logarithmic growth stage were washed and re-suspended with sterile 211
water, LCFS was then added to make the concentration reach MIC, while the control 212
group was added with an equal volume of sterile water. All samples were then cultured 213
at their optimum growth temperature for 5 h, and AKP and Na*/K*-ATP activities in the 214
supernatant of indicator bacteria were measured by AKP and Na*/K*-ATP detection kits, 215
respectively. 216

2.5.6. Scanning electron microscopy (SEM) 217



Foods 2023, 12, x FOR PEER REVIEW 6 of 18

The indicator bacteria which growing to logarithmic stage were treated with LCFS of 218
1xMIC for 5 h while untreated indicator bacteria were used as control. After that, the in- 219
dicator bacteria were centrifuged at 1000 g for 5 min at 4°C. Then, the cells were collected 220
and washed with sterile water as well as fixed with 2.5% glutaraldehyde (0.1 mol/L phos- 221
phate buffer, pH 7) overnight. Finally, the method of cells pretreatment was carried out 222
by the method described by Lee et al. 2> That is, samples were successively eluted witha 223
gradient of low to high concentration alcohol and dried with a COx critical point dryer. 224
Afterwards, the fixed samples were sputter-coated with gold and observed in a scanning 225
electron microscope (ESEM, Quanta-200F, FEI, USA) at an acceleration voltage of 3 kV. 226

2.6. Statistical analysis 227

Statistical analyses of data have performed by using SPSS 16.0 software program. 228
Analysis of variance (ANOVA) was applied and P<<0.05 was considered statistically sig- 229
nificant. Duncan and least significant differences (LSD) tests have been calculated to meas- 230
ure the significance among the tested parameters. The results were reported as the mean 231
and standard deviation of these measurements. All the diagrams were plotted by Origin 232

9 software. 233
3. Results and discussions 234
3.1. Preservation of ground beef gel 235
3.1.1. Effect of LCFS on TAM of ground beef gels during cold storage 236

It is particularly important to evaluate the antibacterial properties of natural antibac- 237
terial substances in food systems rather than in vitro, because they may interact with food 238
components and affect their antibacterial properties 4 Due to the differences in food sys- 239
tems, the antibacterial effects of the same substance may also be quite different. To inves- 240
tigate the effect of LCFS on the preservation of ground beef gel, we examined TAM 241
changes of samples with different amounts of LCES during cold storage. The results were 242
shown in Fig. 2. 243

As shown in Fig.2, there was little difference in the initial colony number at 0 d 244
among all samples, and the TAM of each sample gradually increased with the extension 245
of cold storage. It is noteworthy that the TAM of the samples supplemented with LCFS 246
was lower than that of the samples without LCFS throughout the storage experiment, 247
which indicating that the addition of LCFS was able to inhibit the growth of microorgan- 248
isms in the ground beef gel, and also preliminary verification of the feasibility of its appli- 249
cation as a clean-label strategy in ground beef products. Similarly, a previous study by 250
Houssam Abouloifa et al.’® showed that Lpb. plantarum S61 strain allowed the reduction 251
of. L. monocytogenes in minced poultry meat during 7 days of storage at 4 C. In our exper- 252
iment, the TAM of the samples without LCFS exceeded the limit of microbiological ac- 253
ceptable levels (4 log 10 CFU mL) specified in GB2726 - 2016 on the 6th day of refrigera- 254
tion, while the TAM of the samples with 0.5% and 1% LCFS exceeded this limit on the 8th 255
day of refrigeration, and the TAM of the samples with 2.5% and 5%LCFS did not exceed = 256
this limit during the storage period. This result also indicated that the inhibition of micro- 257
organisms in ground beef gel by LCFS was dose-dependent. 258
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Figure. 2. TAM changes of samples with different amounts of LCFS during cold storage. 260
3.1.2. Effect of LCFS on pH, cooking loss and color of ground beef gels 261

pH value is one of the important indexes that affect the quality of ground beef gel 262
products. As is shown in Table 1, with the increase of LCFS addition, the pH value of the = 263
ground beef gel decreased significantly. This is because lactic acid bacteria was metabo- 264
lized to produce organic acids during growth 2, making the cell-free supernatant acidic, 265
and the addition of acidic LCFS reduced the pH of the system. The organic acids in LCFS 266
can inhibit the growth of microorganisms in the ground beef gel, which may be the reason 267
why the addition of LCFS can extend the shelf life of the sample to a certain extent. 268

Cooking loss directly affects product yield, while color and texture affect the ac- 269
ceptance and thus are essential for ground beef products. As can be seen in Table 1, there 270
was no significant change in the cooking loss of ground beef gel when the addition of 271
LCFS was 0.5% and 1% compared to the samples without LCFS. But the cooking loss of 272
the ground beef gel was significantly reduced when the amount of LCFS reached 2.5% 273
and 5%. Combined with the texture characteristics shown in Table 2, it is analyzed that 274
this might be due to the acidic pH environment (pH < 5) that lead to premature denatur- 275
ation and aggregation of myofibrillar protein, resulting in a looser heat-induced gel par- 276
ticles formed in the later stage 2. And the loose gels with larger pores may trap more free 277
water, thus reducing the cooking losses of the ground beef gel. 278

As for the color of each sample, the results showed that, similar to the pattern of 279
cooking losses, there was no significant change in the color of ground beef gel when the 280
addition of LCFS was 0.5% and 1%. It may be that subtle color differences were not ap- 281
parent after the samples were cooked. This was similar to the previous findings of Arrioja- 282
Breton et al.’?, that is, CFS of Lb. plantarum NRRL B-4496 marinade has a certain effect on 283
the color of raw beef, while the color changes were scarcely detected on the grilled meat. 284
When the LCFS supplementation reached 2.5% and 5%, the acidic environment caused 285
partial degeneration of myofibril and affected the color of the ground beef gel, which was 286
manifested by the reduction of L* and a* values. It have been shown that ground beef has 287
a larger L* value in a neutral environment and a lower L* value in an acidic environment, 288
while the lower content of oxygenated myoglobin, which provided red color, lead to its 289
lower a* value in a low pH environment 7. 290
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3.1.3. Effect of LCFS on the texture properties of ground beef gels 291

Texture property is an important index to evaluate the quality of minced meat prod- 292
ucts, the effects of LCFS addition on the texture properties of ground beef gel were shown 293
in Table 2. The results showed that the addition of 0.5% LCFS had no significant effecton = 294
the texture of ground beef gel (all the TPA parameter of 0.5% LCES group were not sig- 295
nificantly different from that of the control group (P < 0.05).), and when the addition of 296
LCFS exceeded 0.5% (1%, 2.5%, 5%), the texture indexes (particularly hardness, springi- 297
ness, adhesiveness and chewiness) of minced beef gel significantly decreased (P < 0.05) 298
with the increase of LCFS. And the effect of LCFS addition on cohesiveness was not so 299
sensitive. When the amount of LCFS addition was greater than 1%, the difference ap- 300
peared, and the overall trend was to first decrease (2.5%) and then increase (5%). Com- 301
bined with the pH values in Table 1, it is not difficult to understand that this was caused 302
by the reduction of pH of the ground beef gel system. The process of heat induced gel 303
formation of ground beef was accompanied by the structure of myofibrillar protein un- 304
folding and then aggregation 2. Because pH changes the charge distribution and thus af- 305
fects the protein structure. As mentioned above, acidic pH caused partial premature de- 306
naturation and aggregation of myofibrillar protein, thus led the gel structure formed 307
looser and coarser 2. 308

In conclusion, the addition of appropriate LCFS can inhibit the growth of microor- 309
ganisms in the ground beef gel and prolong the shelf life of the product without affecting 310
its quality, which can be used as an alternative to additive that meet the concept of clean 311
label. 312

313
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Table 1. Effects of LCFS on pH, cooking loss and color of ground beef gels.
Content of color
pH Cooking loss (%)
LCFS/ (%) L* a* b* A E*
0 6.22+0.01 2 51.80+0.42 2 72.64+0.85 1.97+0.18 2 3.66+0.442> 8.11+0.96%
0.5 5.73+£0.04 b 51.72+0.23 2 73.43+0.20 2 1.65+0.15 2b 3.21+0.33b 9.03+0.132
1 5.30+0.02 < 52.64+1.30 2 70.63+2.50 be 1.81+0.43 2b 4.55+1.332 5.96+2.82b¢
2.5 4.71+£0.02 4 50.08+0.93 ® 73.34+0.50 2 1.40+0.27 ® 3.46+0.06° 8.89+0.492
5 4.36+0.02 ¢ 44.85+0.87 ¢ 68.53+0.32 © 1.85+0.01 2b 4.50+0.722 4.06+0.31¢
Mean + SD with different superscripts within the same column indicate that the values differ significantly (P <<0.05).
Where L*, a*, b* and AE* represent lightness on a 0 -100 scale from black to white, scale of red (+) or green (-), scale of yellow (+) or blue (-) and the
total color change, respectively
Table 2. Effects of LCFS on the texture properties of ground beef gels.
Content of LCFS TPA Parameter
(%) Hardness (N) Cohesiveness Springiness (mm) Adhesiveness (N) Chewiness (mj)
0 44.43+1.402 0.47+0.03 2 4.76+0.58 2 20.77+0.78 2 99.34+15.572
0.5 43.83+£1.89 2 0.49+0.03 2 4.19+0.37 ab 21.10+£1.64 2 88.55+11.852
1 30.30+£3.01® 0.49+0.01 2 4.07+0.28 © 14.80+1.54 ® 60.45+10.18P
2.5 23.46+0.78 ¢ 0.33+0.02 © 3.81+0.08 © 7.67+0.51 © 29.04+1.40¢
5 17.27+1.21 4 0.39+0.06 ® 3.73+0.30 ® 6.57+0.68 4 24.23+4.33¢

Mean + SD with different superscripts within the same column indicate that the values differ significantly (P<<0.05)
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3.2. Antimicrobial properties of LCFS
3.2.1. Dynamics of growth and bacteriocin production

The growth curve of L. plantarum 90 in MRS medium, the change of pH and the bac-
teriostasis of its CFS (with Pseudomonas putida I3 as the indicator bacteria) were shown in
Fig.3. As it can be seen from Fig.3, L. plantarum 90 grew rapidly in MRS Medium and
entered a logarithmic growth phase within 2 h, while gradually stabilized at 10 h until the
end of culture. At the same time, along with the growth of L. plantarum 90, the pH value
of LCFS gradually decreased, specifically, the pH value decreased sharply in the logarith-
mic growth stage, while gradually stabilized in the stable growth stage. In addition, the
LCEFS began to show antibacterial activity at 6 h, and reached its maximum antibacterial
activity at 18 h. Therefore, LCFS cultured for 18 h were used in the subsequent experi-
ments.

It has been reported # that lactic acid bacteria can convert glucose into organic acids
(mainly lactic acid) during their growth, thereby reducing the pH value of the system,
while organic acids can inhibit the growth of target microorganisms by changing the os-
motic pressure of microorganisms, increasing the permeability of cell membranes, and
inhibiting the synthesis of relevant DNA and proteins. In addition, as secondary metabo-
lites, bacteriocins are generally starts to be produced in the middle-late logarithmic period
of bacterial growth and reaches its maximum value during the stable period at which the
growth rate of the strain gradually decreases . Bacteriocins generally have membrane
activity, which can destroy the permeability of cell membranes and lead to the leakage of
cell contents, thus achieving antibacterial effects 3. Combining the experimental results in
Fig. 3, the antimicrobial activity of LCFS did not always increase as the pH decreased
(after 18 h, the pH continued to decrease and the antimicrobial activity did not increase,
but decreased). It was initially speculated that the bacteriostatic effect of LCFS might be
caused by the combined action of organic acid and other bacteriostatic substances (may
be bacteriocin) in it, because there was precedent!¢1”. 32 for the isolation of bacteriocins
from lactic acid bacteria especially Lactobacillus plantarum.
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3.2.2. MIC and MBC of LCFS 32

In order to further understand the antibacterial effect of LCFS and explore its anti- 33
bacterial characteristics, the MIC and MBC of LCFS against four indicator bacteria (two 34
spoilage bacteria and two pathogenic bacteria; Pseudomonas putida 13 and Salmonella CICC 35
21513 are gram-negative bacteria, while Microbacterium sp. ALBL_062 and Staphylococcus 36
aureus ATCC 6538 are gram-positive bacteria) were determined, and the results were 37
shown in Table 3. That is, the MIC of LCFS for all four indicator bacteria was 8 mg/mL, 38
while MBC was 16 mg/mL. Wang et al.!> reported previously that the MIC of the CFS of 39
L. plantarum (Accession: MW282954) on Proteus mirabilis was 12.5 mg/mL. In contrast, CFS 40
of L. plantarum 90 has a much smaller MIC. 41

It can be seen from Table 3 that LCES has an inhibitory effect on both gram-positive 42
and gram-negative bacteria. However, most bacteriocins (such as nisin) have antibacterial 43
activity only against gram-positive bacteria and do not inhibit the growth of gram-nega- 44
tive bacteria. Because most bacteriocins are cationic peptides, they cannot cross the outer 45
membrane of gram-negative bacteria, where the cations in core components such as lipo- 46
polysaccharides and phospholipid bilayers stabilize the outer membrane by non-covalent 47
binding *. However, the CFS of many lactic acid bacteria contain lactic acid, which acts 48
as a permeability agent for the outer membrane of gram-negative bacteria and can release 49
the lipopolysaccharide in their outer membrane. Lactic acid and bacteriocin action at the 50
same time can form a fence effect, so as to better inhibit the growth of various spoilage 51

and pathogenic bacteria. 52
Table 3. MIC and MBC of LCFS to each indicator bacteria. 53
Bacterial pathogen MIC (mg/mL) MBC (mg/mL)

Pseudomonas putida 13 8 16
Microbacterium sp. ALBL_062 8 16
Salmonella CICC 21513 8 16
Staphylococcus aureus ATCC 6538 8 16

3.2.3. Growth curve and time-killing curve 54

The growth curves of four indicator bacteria in the presence of LCFS (1xMIC, 2xMIC) 55
were shown in Fig.4a. As can be seen from Fig.4a, compared with the control group, the 56
growth of bacteria in the group with LCFS at 2xMIC concentration was completely inhib- 57
ited within 24 h. Under LCFS of 1xMIC, the growth of Salmonella CICC 21513 was still =~ 58
inhibited within 24 h, while Pseudomonas putida 13, Microbacterium sp. ALBL_062 and 59
Staphylococcus aureus ATCC 6538 began to grow at 22h, 20h and 22h, respectively. This 60
also indicated that the inhibition effect of LCES on different strains was different, which 61
may be related to the cell structure of each indicator bacteria, culture temperature as well 62
as the antibacterial mechanism of LCFS. 63

Fig.4b showed the time-killing curve of LCFS against four indicator bacteria over 10 64
h. As shown in Fig.4b, LCFES of 1 x MIC could inhibit the growth of Pseudomonas putida13 65
and Microbacterium sp. ALBL_062. When the concentration of LCFS reached MBC (2 x 66
MIC), the counts of these two bacteria decreased steadily over time from 2 h (Pseudomonas 67
putida I3 decreased from 7.39 logio CFU ml ! to 2.77 logio CFU ml -, while Microbacterium 68
sp. ALBL_062 decreased from 7.49 logio CFU ml-! to 2.95 logio CFU ml ). And for two 69
pathogens, LCFS of 1 x MIC could make the count of Salmonella CICC 21513 decrease 70
slowly from 6.77 log10 CFU ml - to 4.00 logio CFU ml-!, while LCFS of MBC could make the 71
count of Salmonella CICC 21513 decrease sharply from 6.68 logioCFU ml-! to 3.80 logioCFU 72
ml-! within 2 h. Similarly, under LCFS of 1 x MIC, the count of Staphylococcus aureus ATCC 73
6538 declined tardily from the initial 6.83 logio CFU ml-! to the final 4.77 logio CFU ml-l. 74
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While when the addition amount of LCFS reaches MBC, the count of Staphylococcus aureus 75
ATCC 6538 dropped rapidly from 6.53 logi0 CFU ml-! to 2.77 logioCFU ml - within 2 hours 76
and then leveled off. In general, Salmonella CICC 21513 and Staphylococcus aureus ATCC 77
6538 were more sensitive to LCFS than Pseudomonas putida 13 and Microbacterium sp. 78
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Figure 4. Growth inhibition (a) and killing effect (b) of LCFS on four indicator bacteria. Where A, B, 81
C and D represent Pseudomonas putida 13, Microbacterium sp. ALBL_062, Salmonella CICC 21513 and 82
Staphylococcus aureus ATCC 6538, respectively. 83

3.2.4. Effects of pH, heat and enzymes on LCFS 84

In order to further explore the antibacterial substance basis in LCFS, the effects of pH, 85
enzyme and heat treatment on the antibacterial effect of LCFS were studied, and the re- 86
sults were shown in Table 4. It can be seen from the table that pH has a great influence on 87
the bacteriostasis of LCFS. In the range of pH 3 ~ 5, the bacteriostatic activity of LCFS 88
gradually weakened with the increase of pH, and the inhibition zone disappeared when 89
pH reached 6 and higher, which was similar to the previous findings of Arrioja-Breton et 90
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al.’2 These results suggest that the antibacterial effect of LCFS may be mainly derived from
the organic acids produced by the metabolism of L. plantarum 90. In contrast, heat treat-
ment had little effect on the antibacterial properties of LCFS. Under different heat treat-
ment conditions, LCFS showed good antibacterial properties, indicating that the antibac-
terial substances in LCFS had good heat resistance. As for the effects of enzyme treatment,
it can be seen that the bacteriostasis of LCFS showed a decreasing trend after different
enzyme treatments. In particular, after treatment with protease K, the antibacterial activ-
ity of LCFS against the four indicator bacteria was significantly decreased, indicating that
there were still protein-based antibacterial substances (possibly bacteriocins, etc.) in LCFS.
In addition, it has been reported 3 that due to the limited content of this substance in CFS,
its antibacterial effect was not obvious, and its antibacterial effect could be greatly im-
proved after concentration. In summary, the antibacterial effect of LCFS mainly came
from the organic acids in LCFS. Secondly, there were also protein-based bacteriostatic
substances in LCFS, and such substances were likely to have better bacteriostatic effects
under acidic conditions.

Table 4. Effects of pH, haet and enzymes on the antibacterial activity of LCFS.

Residual inhibitory activity (diameter of inhibition zone cm)

Treatment Pseudomonas Microbacterium Salmonella Staphylococcus au-
putida I3 sp. ALBL_062 CICC21513  reus ATCC 6538
pH

3.62 (Control) 2.63+0.05> 2.25+0.042 2.25+0.042 2.50+0.072
3 2.80+0.042 2.17+0.05> 2.25+0.042 2.50+0.082
4 2.17+0.09¢ 1.97+0.02¢ 1.97+0.05P 2.33+0.05>
5 1.00+0 044 1.08+0.02¢ 1.07+0.05¢ 0.80+0.00¢

6 0 0 0 0

7 0 0 0 0

8 0 0 0 0

9 0 0 0 0

Heat
Control 2.68+0.062 2.08+0.06= 2.03+0.05%< 2.50+0.092
60°C 10 min 2.65+0.042> 2.05+0.042bc 1.98+0.02b¢ 2.37+0.052
60°C 30 min 2.65+0.042> 2.03+0.05%< 2.03+0.02b¢ 2.43+0.022
80°C 10 min 2.55+0.04abc 2.15+0.04> 2.12+0.062 2.38+0.022
80°C 30 min 2.53+0.09b¢ 1.82+0.024 2.08+0.0220 2.38+0.052
100°C 10 min 2.60+0.083< 1.95+0.07¢ 1.98+0.06b¢ 2.47+0.052
100°C 30 min 2.47+0.05¢ 2.00+0.08b< 1.95+0.04¢ 2.47+0.062
121°C 15 min 2.58+0.062b¢ 2.00+0.00pe 2.07+0.052 2.48+0.00 2
Enzymes

Control 2.27+0.022 2.20+0.04> 1.97+0.052 2.48+0.022
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Neutral protease 2.08+0.02¢ 1.73+0.02¢ 1.62+0.09< 2.40+0.082>
Pepsin 2.18+0.02b¢ 1.62+0.05¢ 1.75+0.04° 2.42+0.0220
Trypsin 2.10+0.04¢ 1.88+0.09v 1.73+0.05b¢ 2.33+0.05b¢
Papain 2.23+0.09° 1.97+0.05> 1.68+0.02bcd 2.43+0.05%

Proteinase K

1.97+0.054 1.67+0.05¢ 1.58+0.064 2.28+0.02¢

Mean + SD with different superscripts within the same column indicate that the val-
ues differ significantly (P<<0.05).

3.2.5. Enzyme activities of AKP and Na*/K*-ATP

AKEP is a key enzyme attached inside the cell membrane which affects the cell wall
synthesis of bacterial ®. As illustrated in Fig. 5a, after LCFS treatment, the ATPase activity
in the supernatant of the four indicator bacteria was significantly increased compared
with that in the untreated group. These results indicated that LCFS treatment damaged
the cell wall of indicator bacteria and led to the increased membrane permeability. This
was also consistent with the results of previous studies reported by Lin et al .

Na*/K*-ATP enzyme exists in bacterial cell membranes, which not only plays an im-
portant role in controlling the transmembrane transport of Na*/K* and maintaining mem-
brane potential, but also drives the transport of amino acids, sugars and other substances
in cells, helping to maintain normal physiological metabolism of bacterial cells %”. Bacterial
cells can maintain intracellular and intracellular electrochemical balance by increasing the
activity of ATPase, so as to resist the influence of antibacterial agents 3. The effects of
LCEFS on the ATPase activity of the four indicator bacteria were shown in the Fig. 5b. Con-
sistent with the activity of AKP enzyme, the activity of ATPase in the supernatant of indi-
cator bacteria after LCFS treatment was significantly increased compared with that in the
untreated group. These results indicated that LCFS affected cell membrane transport, en-
ergy metabolism and other functions of bacteria, thereby inhibiting bacterial growth and
eventually leading to bacterial death.

a b
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Figure. 5. Effects of LCFS treatment on the enzyme of AKP (a) and Na+/K+-ATP (b) activity of four
indicator bacteria. Where P, M, S and St represent Pseudomonas putida 13, Microbacterium sp.
ALBL_062, Salmonella CICC 21513 and Staphylococcus aureus ATCC 6538, respectively.

3.2.6. Scanning electron microscopy (SEM)

SEM directly reflected the morphological changes of the select bacterial before and
after LCFS treatment. The results showed that the surface of untreated bacterial cells was
smooth, rod-shaped or spherical, with complete structure and uniform size distribution
(Fig. 6 Ao, Bo, Co, Do). However, the morphology and structure of bacteria treated with
LCEFS for 5 h changed significantly (Fig. 6 A, B, C, D). Some cell forms were destroyed and
holes appeared on the surface, while certain of bacteria have uneven surfaces, blurring the
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References

boundaries between their cells and sticking on top of each other. Meanwhile, some bacte-
rial cells were obviously depressed and deformed, with large holes and cell rupture, while
the overflow of intracellular substances could be obviously observed. A similar result was
found in a previous study by Wang et al.’>, namely, after treatment with the CFS of
L.plantarum, formation of small holes, stacked and coherent cells, and ruptured cells of P.
mirabilis were observed. It can be seen that the antibacterial mechanism of LCFS is mainly
to destroy the permeability of cell membrane, form pores on the surface of the cell mem-
brane, lead to the leakage of cell contents, and ultimately inhibit the growth of target mi-
Croorganisms.

Figure 6. Morphological changes of indicator bacteria before and after LCFS treatment. Where Ao,
Bo, Co and Do represent the morphological characteristics of Pseudomonas putida 13, Microbacterium
sp. ALBL_062, Salmonella CICC 21513 and Staphylococcus aureus ATCC 6538, before LCFS treatment
respectively, while A, B, C and D represented the morphological characteristics of corresponding
strains after LCFS treatment. 1, 2, and 3 respectively represent the formation of small pores on the
cell surface, the formation of large pores on the cell surface, and cell rupture/intracellular material
leakage.

4. Conclusions

The addition of 0.5% LCFS could extend the shelf life of ground beef gel to 8 days at
4°C without affecting the main quality of the product, thus confirmed the feasibility of its
application as a natural antibacterial agent in meat products. In addition, the antibacterial
mechanism of LCFS is mainly to destroy the permeability of cell membrane, form pores
on the surface of the cell membrane, lead to the leakage of cell contents, and ultimately
inhibit the growth of target microorganisms. This study provides a theoretical basis for
the application of LCFS as a natural antimicrobial agent in meat products as well as a new
strategy for developing clean-label meat products. Further work needs to be taken to elu-
cidate which component (organic acids, bacteriocins, etc.) contributes to the antibacterial
effect of LCFS, and its material basis needs to be further clarified.
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