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In this study, lactic acid bacteria strains (HCS-01, HCS-05, HCS-07, HCW-08, and HCW-09) derived from the gastrointestinal tract of Hainan black goat were evaluated for their antioxidant capacity in vitro, and the lactic acid bacteria with strong antioxidant capacity were screened for application to improve the aerobic stability of total mixed ration (TMR). The results showed that all the tested lactic acid bacteria had a certain tolerance to hydrogen peroxide. By comprehensively comparing the scavenging abilities of fermentation supernatants, whole cell bacterial suspensions and cell contents of five lactic acid bacteria strains to 2,2-diphenyl-1-picrylhydrazine (DPPH), hydroxyl radicals and superoxide anions, and their antioxidant enzyme activity, it was found that Lactobacillus fermentum HCS-05 and Lactobacillus plantarum HCW-08 have the strongest comprehensive antioxidant capacity, and their scavenging capacity for various free radicals has reached more than 60%. Using strains HCS-05, HCW-08 and laboratory-preserved Lactobacillus plantarum HDX1 fermented TMR, the fermentation quality and aerobic stability of the feed after 60 days of fermentation were significantly higher than those of the blank treatment group. The effect of mixed strains HCS-05 and HCS-08 for TMR fermentation was the best (P < 0.05). At the same time, the fermentation effect of Lactobacillus plantarum HDX1 on TMR was significantly lower than that of the selected lactic acid bacteria from the gastrointestinal tract of Hainan black goats (P < 0.05). The results show that the test strain can significantly improve the aerobic stability of the fermented feeds.
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Introduction

Lactic acid bacteria is a natural antioxidant, and its antioxidant capacity has been proven from multiple perspectives, mainly in scavenging free radicals, regulating antioxidant-related enzymes and the dynamic balance of intestinal microflora (Kullisaar et al., 2002; Zhang et al., 2017; Dowarah et al., 2018). The antioxidant activity of lactic acid bacteria can alleviate the oxidative stress response in the body caused by the imbalance between reactive oxygen species or free radicals and antioxidant defense in the body, and inhibit the aging lesions caused by oxidative damage in the body (Zhang et al., 2013; Chooruk et al., 2017). With the development and application of the antioxidant activity of lactic acid bacteria, the screening of lactic acid bacteria strains with strong antioxidant capacity or specificity has also become particularly important (Ahotupa et al., 1996). Hainan black goat is a ruminant animal with a wide variety of microorganisms in its gastrointestinal tract and rich lactic acid bacteria resources. The lactic acid bacteria screened from the gastrointestinal tract of animals usually have better acid-producing and acid-resisting ability due to their original growth environment, and the ability to adapt to the gastrointestinal tract environment is also stronger.

Total mixed ration (TMR) because of the high water content and the large proportion of silage raw materials, aerobic microorganisms are more active, and the quality stability is usually poor, so it is not suitable for storage (Li et al., 2021). In the process of making and taking silage, there is often the problem of secondary fermentation, which will cause problems and losses in its economic benefits and popularization and application. Improving the aerobic stability of feed has been a point of concern in feed research. Since TMR fermented feed contains more abundant nutrients, the research on its aerobic stability has become particularly important. In order to overcome this problem, some scholars have begun to conduct in-depth research on fermenting TMR to FTMR (Fermented Total Mixed Ration) for long-term storage. Kim et al. (2012) suggested that FTMR had better in vitro rumination characteristics than TMR, and the growth performance and blood characteristics of Hanwoo cattle fed FTMR were also better than TMR and controls; Panyawoot et al. (2022) found that FTMR treated with Lactobacillus casei TH14 had higher apparent nutrient digestibility compared to unfermented TMR, benefiting goat growth without negative effects. This indicates that FTMR is more beneficial to the growth and development of ruminants than TMR and that lactic acid bacteria play a significant positive role in TMR fermentation. Using lactic acid bacteria derived from animals to make special micro-ecological preparations and applying them to the fermentation of feeds eaten by animals may increase the number of beneficial microorganisms in their gastrointestinal flora and become the dominant flora, and at the same time, it also has higher security (Yuan et al., 2015).

In this study, in order to improve the stability of TMR and prolong the storage time, so as to solve the problem of seasonal feed shortage and indirectly promote animal growth and development, the antioxidant properties of lactic acid bacteria derived from the gastrointestinal tract of Hainan black goat were analyzed and its effect on TMR fermentation was studied. This study provides strain resources and practical guidance for optimizing TMR feed fermentation technology and improving the large-scale breeding technology of Hainan black goat.



Materials and methods


Samples and strains

Lactic acid bacteria strains: Lactobacillus plantarum HCS-01, HCS-07, HCW-08, Lactobacillus fermentum HCS-05, Lactobacillus salivarius HCW-09 stored in the laboratory were all derived from the gastrointestinal tract of Hainan black goats; Reyan No. 4 king grass; Refined feed.



Reagents and instruments


Main reagents

2,2-diphenyl-1-picrylhydrazine (DPPH), pyrogallol, ferric chloride, o-phenoline, tris (Tris): Shanghai McLean Biochemical Technology Co., Ltd.; Antibiotic test strips: Beekman Bio; SOD kit, CAT kit, GSH-PX kit: Shanghai Yuanye Biotechnology Co., Ltd.



Main instruments

SW-CJ-17-D ultra-clean workbench: Shanghai Hetai Instrument Co., Ltd.; SPX-250B-Z constant temperature biochemical incubator, D3024 micro high-speed centrifuge: Guilin Instrument Equipment Co., Ltd.; Hettich32R high-speed refrigerated centrifuge: German ZENTRIFMGEN; Synergy LX microplate reader: American BIOTEK.




Methods


Preparation of samples of each component of lactic acid bacteria

The lactic acid bacteria strains to be tested stored in the ultra-low temperature refrigerator at −80°C were activated in MRS liquid medium. MRS liquid medium was inoculated with 2% of the test bacterial solution, and incubated at 37°C under constant temperature for 24 h. The fermentation broth was centrifuged at 10,000 × g (D3024 micro high-speed centrifuge) for 15 min, the supernatant was collected, and filtered with a 0.22 μm microporous membrane filter to obtain the fermentation supernatant; the bacteria were collected, washed with PBS buffer and resuspended to adjust the number of bacteria to 109 CFU/mL to obtain a complete cell bacterial suspension; a part of the bacterial suspension was sonicated in an ice bath, and the supernatant was collected after centrifugation to obtain a cell-free extract, the cell content (Dobrowolski et al., 2012).



Tolerance of lactic acid bacteria to hydrogen peroxide

The test bacterial solution was inoculated in MRS medium supplemented with H2O2 (concentrations of 0.0, 1.0, 2.0, and 3.0 mmol/L) according to 2% of the volume fraction, and cultured at 37°C for 24 h., 12 h and 24 h sampling and measuring its Absorbance (OD = 600) (Amanatidou et al., 2001b).



Determination of free radical scavenging ability of lactic acid bacteria


2,2-Diphenyl-1-picrylhydrazine radical scavenging activity assay

The DPPH radical scavenging activity of lactic acid bacteria was determined by referring to the method in the literature (Rubio et al., 2014), and the DPPH radical scavenging rate was calculated according to the formula:
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In the formula: A1 is the absorbance of the sample group; A0 is the absorbance of the blank group; A2 is the absorbance of the control group.



Hydroxyl radical scavenging activity assay

The hydroxyl radical scavenging activity of lactic acid bacteria was determined with reference to the method in the literature (Kuda et al., 2014), and the Hydroxyl radical scavenging rate was calculated according to the formula:
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In the formula: A1 is the absorbance of the sample group; A2 is the absorbance of the control group; A3 is the absorbance of the blank group.



Superoxide anion scavenging activity assay

The superoxide anion scavenging activity of lactic acid bacteria was determined with reference to the method of the literature (Chen et al., 2015), and the hydroxyl radical scavenging rate was calculated according to the formula:
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In the formula: A1 is the absorbance of the sample group; A2 is the absorbance of the blank group.




Antioxidant enzyme activity of lactic acid bacteria

The activities of catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase (GSH-PX) in the prepared samples of lactic acid bacteria were measured by using CAT, SOD, and GSH-PX, reagent test kit (Shanghai Yuanye Biotechnology Co., Ltd.).



The effect of lactic acid bacteria fermentation on the aerobic stability of total mixed ration


Fermentation total mixed ration modulation

According to the above identification results of lactic acid bacteria and the analysis of probiotic characteristics, the most suitable strains HCS-05 and HCW-08 for silage fermentation were selected as the biological starter for this TMR silage fermentation test, and the laboratory-preserved strain HDX1 was used as the control starter. The king grass crushed by the pulverizer and the concentrate were mixed at a ratio of 4:6 to form TMR (Somashekaraiah et al., 2019), which was put into silage bags (1,000 g per bag). The prepared TMR were divided into four groups, and the treatments of each group are shown in Table 1. The treated TMR in each group were evacuated and sealed, then placed at room temperature and stored in the dark for 60 days.


TABLE 1    Treatment method of total mixed ration (TMR).
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Determination of total mixed ration nutrients and fermentation quality

Determine the dry matter content (DM), crude protein (CP), and water-soluble carbohydrate (WSC) content of each group of samples after 60 days of fermentation, determination of pH, organic acids and ammonia nitrogen in silage (Nishino et al., 2010).

Referring to the method of Yang et al. (2012), after 60 days of fermentation of TMR silage, samples were taken from the opening of the package, the pH was measured and the microbial growth was analyzed.



Aerobic stability analysis of fermented total mixed ration

After the 60-day fermentation, the silage bags treated in each group were opened and mixed, and then placed openly. Samples were taken on the 0th, 3rd, 6th, 9th, and 12th days, and the pH value and microbial growth were measured. Changes in feed internal temperature during aerobic exposure were detected and recorded using a thermometer and compared to room temperature (Gomes et al., 2021).





Data analysis

Using SPSS 22 and GraphPad Prism 9 for data analysis, using Origin 9.0 for graphing.




Results and discussion


Analysis of tolerance of lactic acid bacteria to hydrogen peroxide

The antioxidant capacity of lactic acid bacteria is a part of all the functional properties of lactic acid bacteria that has always been valued (Rizzello et al., 2017). Hydrogen peroxide is an oxidant with high diffusivity and long acting time. The ability to tolerate hydrogen peroxide is an indicator to evaluate the antioxidant capacity of lactic acid bacteria (Lee et al., 2005).

The growth of lactic acid bacteria in liquid medium supplemented with different concentrations of H2O2 is shown in Figure 1. The growth of 12 h of culture is shown in Figure 1A. The growth of each strain was significantly different under different concentrations of H2O2. With the increase of H2O2 concentration, the growth ability of each strain decreased overall, but the degree of decline was different. When the H2O2 concentration was 0 and 1 mmol/L, most of the strains grew well, and the OD600 was above 1.4, and the growth of HCW-09 was weak; when the H2O2 concentration was 2 and 3 mmol/L, all strains grew The ability of the strains decreased rapidly, and the OD600 were all below 1; when the strains were cultured for 24 h, their growth was basically the same as the change trend with H2O2 concentration at 12 h (Figure 1B). All strains can tolerate the long-term action of H2O2, and HCS-05 and HCS-07 were more tolerant to hydrogen peroxide.
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FIGURE 1
Growth of strains at different concentrations of H2O2. (A) 12 h, (B) 24 h.




Analysis of the free radical scavenging activity of lactic acid bacteria


Analysis of 2,2-diphenyl-1-picrylhydrazine radical scavenging activity

2,2-Diphenyl-1-picrylhydrazine free radicals are an important indicator for evaluating the in vitro antioxidant capacity of substances, and the antioxidant capacity of lactic acid bacteria is positively correlated with the ability to scavenge DPPH free radicals (Liochev, 2013). The DPPH free radical scavenging ability of different components of lactic acid bacteria is shown in Figure 2. The three components of the five lactic acid bacteria all showed a certain DPPH free radical scavenging ability, and the DPPH free radical scavenging rate of the fermentation supernatant was significantly higher than the other two Component (P < 0.05), the scavenging rate of DPPH free radicals in the fermentation supernatant of the five lactic acid bacteria were all above 90%. Among them, the highest scavenging rate of HCS-05 was 98.39%, which may be due to the fact that the fermentation supernatant of lactic acid bacteria contains a large number of active substances such as organic acids with reducing properties produced by lactic acid bacteria during the fermentation process (Zhang et al., 2018); the DPPH free radical scavenging rate of the complete cell suspension of each strain was lower, but significantly higher than that of the cell content (P < 0.05), among which HCW-09 scavenged The highest rate is 12.59%, and the lowest is 9.97% for HCS-07, which may be because Lactobacillus exopolysaccharides with a certain hydrogen-donating ability can be produced on the surface of intact bacterial cells, neutralizing DPPH free radicals through hydrogen atom transfer or electron transfer (Li et al., 2012). The cell contents of lactic acid bacteria showed a lower DPPH free radical scavenging ability, and the scavenging rate ranged from 1.33 to 3.71%.
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FIGURE 2
2,2-Diphenyl-1-picrylhydrazine (DPPH) free radical scavenging ability of lactic acid bacteria. Different lowercase letters indicate significant differences among different components of the same strain (P < 0.05); different capital letters indicate significant differences among the same components of different strains (P < 0.05).




Analysis of hydroxyl radical scavenging activity

Hydroxyl free radicals have a short survival time, but they oxidize proteins and lipids through electron transfer and hydrogen atom abstraction, which are extremely harmful to organisms. The antioxidant capacity of lactic acid bacteria is positively correlated with the hydroxyl radical scavenging ability (Ahotupa et al., 1996). The hydroxyl radical scavenging ability of different components of lactic acid bacteria is shown in Figure 3. The three components of the five lactic acid bacteria all showed a certain hydroxyl radical scavenging ability, and the scavenging ability of different components of most strains was significantly different. The fermentation supernatants of all strains showed good hydroxyl radical scavenging ability, and the scavenging rate ranged from 51.77 to 77.87%. The three strains HCS-07, HCW-08, and HCW-09 had significantly better ability to clear the fermentation supernatant than the other two components (P < 0.05), among which HCS-07 had the highest clearance rate. The complete cell clearance rate of the tested strains ranged from 30.09 to 73.45%, and the complete cell clearance rate of HCS-01 was significantly better than its fermentation supernatant and cell contents (P < 0.05); the complete cell clearance rate of strain HCS-05 It was the highest among all tested strains, but there was no significant difference in the ability to clear its fermentation supernatant (P > 0.05). The ability of scavenging hydroxyl radicals in the cell contents of all strains was relatively weak, and the scavenging rate ranged from 2.21 to 4.42%. According to the results, the active substances for scavenging hydroxyl radicals of various strains generally exist in the fermentation supernatant of lactic acid bacteria, and the cell surfaces of some strains also have the ability to scavenge hydroxyl radicals, but its activity is weak.
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FIGURE 3
Hydroxyl radical scavenging ability of lactic acid bacteria. Different lowercase letters indicate significant differences among different components of the same strain (P < 0.05); different capital letters indicate significant differences among the same components of different strains (P < 0.05).




Analysis of superoxide anion radical scavenging activity

The direct action of superoxide anion on nucleic acid, protein and other biological macromolecules will cause damage to the cell membrane, and many free radicals in the organism are obtained by the transition of superoxide anion, such as hydroxyl radicals (Virtanen et al., 2007). The hydroxyl radical scavenging ability of different components of lactic acid bacteria is shown in Figure 4. The scavenging ability of superoxide anion radicals in the fermentation supernatant of the same strain was significantly higher than that of the other two components (P < 0.05), and the scavenging rate ranged from 81.13 to 94.34%, among which HCS-01 had the highest scavenging rate; The superoxide anion scavenging rate of intact cells of the tested strains was significantly higher than that of cell contents (P < 0.05), but the overall scavenging ability was not strong, and the scavenging rate ranged from 6.51 to 19.51%; The range is 2.52–6.61%, and the ability to scavenge superoxide anion is weak. According to the results, it can be speculated that the supernatant of lactic acid bacteria fermentation has high activity of scavenging superoxide anion free radicals, and there are only trace amounts of active substances that can scavenge superoxide anion on the cell surface and in the contents. This indicated that the strain produced active substances that could scavenge superoxide anion during the fermentation process.
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FIGURE 4
Superoxide anion free radical scavenging ability of lactic acid bacteria. Different lowercase letters indicate significant differences among different components of the same strain (P < 0.05); different capital letters indicate significant differences among the same components of different strains (P < 0.05).





Analysis of antioxidant enzyme activity of lactic acid bacteria

The antioxidant enzyme activities of the tested lactic acid bacteria are shown in Table 2. Superoxide dismutase (SOD) catalyzes superoxide anion to generate hydrogen peroxide, which can be further decomposed into water and oxygen to protect cells from damage (Amanatidou et al., 2001a). The SOD activities in the fermentation supernatants of each strain were significantly higher than those in the intact cells and cell contents (P < 0.05), and the enzyme activities ranged from 9.10 to 15.49 U/mL. The strain HCS-05 had higher enzyme activity than other strains; Most strains had no significant difference in SOD activity in intact cells and cell contents (P > 0.05), and the enzyme activities ranged from 2.09–3.48 to 1.52–3.54 U/mL, respectively. Among them, Strain HCW-09 had the highest enzymatic activity in intact cells, and strain HCW-08 had the highest enzymatic activity in cell contents.


TABLE 2    Enzyme activity of each component of lactic acid bacteria.
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Catalase (CAT) plays an important role in decomposing hydrogen peroxide into water and oxygen in organisms to prevent hydrogen peroxide from causing damage to the body, and also inhibits the further generation of hydrogen peroxide and superoxide anion free radicals (Liochev, 2013). The fermentation supernatants and intact cell bacterial suspensions of the five lactic acid bacteria had no CAT activity, and the cell contents of all tested strains were found to have low CAT activities, ranging from 0.44 to 1.60 U/mL, among which the CAT activity of strain HCW-08 was significantly higher than other strains.

Glutathione peroxidase (GSH-PX) can promote the decomposition of hydrogen peroxide (Kleniewska et al., 2016). GSH-PX activity was not detected in the complete cell suspension of 5 strains of lactic acid bacteria, and its enzyme activity in the fermentation supernatant and the cell content of each strain were also lower, only weak enzymatic activity was detected in the fermentation supernatant of strain HCW-08, HCW-09 and the cellular content of strain HCW-09.

Based on the above results, it is revealed that SOD enzyme was present in the fermentation supernatant, cell surface and cell contents of lactic acid bacteria, and CAT enzyme was weakly present in the cell contents of most lactic acid bacteria and the cell surface of individual lactic acid bacteria, but not in the fermentation supernatant of lactic acid bacteria. Only weak GSH-PX enzyme activity was detected. The results of the analysis indicated that there were significant differences in the activity and localization of antioxidant enzymes among the strains.



Effects of lactic acid bacteria fermentation on aerobic stability of total mixed ration


Analysis of total mixed ration nutrient composition and fermentation quality

The effects of lactic acid bacteria fermentation on the fermentation quality and aerobic stability of silage have been extensively studied before (Yuan et al., 2015; Wang et al., 2020, 2022). The study found that lactic acid bacteria strains with good antioxidant activity can significantly improve the aerobic stability of fermented feeds and prolong the preservation time of feeds (Li et al., 2021).

After 60 days of fermentation, the TMR fermentation quality of each group is shown in Table 3. Group I was treated without lactic acid bacteria, group II was supplemented with heterofermentative lactic acid bacteria strain HCS-05, group III was supplemented with homofermentative lactic acid bacteria strain HCW-08, group IV was supplemented with strain HCS-05 and HCS-08 at 1:1, and group V was supplemented with experiments the lactic acid bacteria strain HDX1 were stored in the room for fermentation.


TABLE 3    Nutrient and fermentation quality of total mixed ration (TMR) after 60 days of fermentation.

[image: Table 3]

Compared to pre-fermentation TMR, the pH of each treatment group decreased significantly, and the pH of group II, III, IV, and V inoculated with lactic acid bacteria after 60 days of fermentation was significantly lower than that of group I without lactic acid bacteria (P < 0.05). This indicated that the growth and fermentation of lactic acid bacteria produced a large amount of organic acid, which decreased the pH. There was no significant difference in pH between the lactic acid bacteria treatment groups (P > 0.05); the dry matter (DM) and water soluble carbohydrate (WSC) of each treatment group decreased significantly (P < 0.05), the WSC decreased significantly, which may be due to the fact that WSC was used as a carbon source by lactic acid bacteria to multiply during the fermentation process, and the degree of decline also reflected the growth of lactic acid bacteria are not obvious. The ammonia nitrogen content of each treatment group was in the range of 3.16–3.32, with no significant difference, and the fermentation quality was good.

After 60 days of fermentation, the number of lactic acid bacteria in each treatment group increased significantly compared with that before fermentation (P < 0.05), among which group IV was significantly higher than other treatment groups, and each lactic acid bacteria treatment group was significantly higher than the untreated group (P < 0.05); The numbers of yeast and aerobic bacteria in all treatments were significantly lower than the initial value. The number of aerobic bacteria in the lactic acid bacteria-treated group was significantly lower than that in the untreated group (P < 0.05), and the difference in the number of yeasts among the groups was not significant (P > 0.05). Except for a small amount of molds detected in groups I and V, no molds were detected in other groups, and the number of molds in group V was significantly lower than that in group I.



Analysis of aerobic stability of fermented total mixed ration

In this experiment, during the 12 days of FTMR unpacking and aerobic exposure, the effects of different lactic acid bacteria treatments on the aerobic stability of TMR were studied by tracking and monitoring the changes of microorganisms, pH and temperature at each stage. The results are as follows:


Microbial changes following fermented total mixed ration aerobic exposure

The changes in lactic acid bacteria, yeast, aerobic bacteria and mold during FTMR aerobic exposure are shown in Figure 5. The number of lactic acid bacteria decreased with time of aerobic exposure, while yeast, mold, and aerobic bacteria showed an overall upward trend. As shown in Figure 5A, the number of lactic acid bacteria in groups II, III, and IV did not change significantly on the 3rd day of aerobic exposure, began to decline on the 6th day, and decreased significantly on the 9th and 12th days. The number of lactic acid bacteria in group I without lactic acid bacteria treatment was significantly lower than that in the lactic acid bacteria-treated group, and group V was slightly lower than the other three groups. The order of the final number of lactic acid bacteria from high to low was: group IV > group III > group II > Group V > Group I; as shown in Figure 5B, the changes in the number of yeasts in the 5 groups were consistent during aerobic exposure, and on the 3rd and 6th days, the number of yeasts in each group was slightly Overlapping, the final order was: Group I > Group V > Group II > Group III > Group IV; as shown in Figure 5C, the number of aerobic bacteria in all treatments remained unchanged throughout the aerobic exposure stage. Significant growth, the growth trend became larger from the 6th day, and the final number was sorted from high to low as follows: Group I > Group V > Group III > Group II > Group IV; it can be seen from Figure 5D. The mold growth status of each group in the aerobic exposure stage was found. No mold appeared on the 3rd day in groups II and IV, and mold gradually grew after the aerobic exposure in the other three groups. The growth rate of the group on the 9th day was significantly higher than that of the other groups, and the order of the number of molds from high to low after 12 days of aerobic exposure was: group I > group V > group III > group II > group IV. The reason may be that lactic acid bacteria are part-time anaerobic bacteria, which can also grow well under vacuum anaerobic environment, while the growth of yeast and aerobic bacteria is inhibited in this environment, and the TMR sealed fermentation process, lactic acid bacteria multiply to produce a large number of organic acids to reduce the pH of the environment, which also inhibits the growth of many aerobic bacteria and molds (Liu et al., 2011; Yang et al., 2012).
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FIGURE 5
Changes in microbial of fermented total mixed ration (FTMR) during the aerobic period. (A) Lactic acid bacteria, (B) yeasts, (C) aerobic bacteria, and (D) molds.




pH changes following fermented total mixed ration aerobic exposure

The pH changes of FTMR during the aerobic exposure phase are shown in Figure 6. From the 6th day of the aerobic exposure stage, the pH of each treatment group increased significantly. Compared with the other four groups, the pH of the first group increased significantly, and the pH changed rapidly. At the beginning of oxygen exposure, the difference was 0.56; the pH value of group III and group V gradually increased, and the pH value of the 12th day of aerobic exposure was 0.39 and 0.47 at the beginning, 4.49 and 4.70, respectively; the pH of groups II and IV changed slowly, the pH values at the end of aerobic exposure were 4.27 and 4.31, respectively, which were not much different from those at the beginning. The aerobic stability of all groups treated with lactic acid bacteria was significantly better than that of group I without lactic acid bacteria treatment (P < 0.05), and the best aerobic stability was group II, followed by group IV and Group III.
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FIGURE 6
Changes in pH and microbial of fermented total mixed ration (FTMR) during the aerobic period.


By detecting and calculating the difference between the internal temperature and the ambient temperature during aerobic exposure of each treatment, it was found that the stable time of TMR in each group treated with lactic acid bacteria exceeded 228 h, that is, no aerobic spoilage occurred. By comprehensively comparing the microorganisms and pH in the aerobic exposure stage of each treatment group, it can be seen that the lactic acid bacteria treatment has a certain promoting effect on the improvement and improvement of the aerobic stability of FTMR.

The results show that lactic acid bacteria can significantly improve the nutritional quality and fermentation quality of TMR feed, improve its aerobic stability, and delay spoilage. The reason may be that lactic acid bacteria are facultative anaerobic bacteria, which can grow well in a vacuum anaerobic environment, while the growth of yeast and aerobic bacteria is inhibited in this environment, and in the process of TMR sealed fermentation, the reproduction of lactic acid bacteria produces a large of bacteria. Organic acids lower the pH of the environment and also inhibit the growth of many aerobic bacteria and molds. Comparing the fermentation effects of several lactic acid bacteria treatments, it can be found that HCS-05 fermentation and HCS-05 + HCW-08 mixed fermentation have more significant effects on improving the aerobic stability of TMR, which may be due to the fact that HCS-05 is a heterozygous fermentation strain. In addition to a large amount of lactic acid, fermentation products also contain acetic acid and other organic acids. Acetic acid has the effect of inhibiting the growth of yeast (Gomes et al., 2021) and delays the aerobic spoilage of feed. The homofermentative lactic acid bacteria HCW-08 rapidly reproduced and produced a large amount of lactic acid in the early fermentation, and the mixed fermentation with HCS-05 may have a synergistic effect, thereby having a better fermentation effect on TMR feed.






Conclusion

The results of antioxidant test of lactic acid bacteria showed that all tested strains could tolerate certain concentration of hydrogen peroxide, among which strain HCS-05 and HCS-07 had the best tolerance. The combined free radical scavenging ability of fermentation supernatant of the same strain was generally significantly better than its intact cell suspension and cell content (P < 0.05); in terms of antioxidant enzymes of lactic acid bacteria, SOD enzymes were generally present in each of the five lactic acid bacteria In terms of the antioxidant enzymes of Lactobacillus, SOD were generally present in all components of the five lactic acid bacteria, while CAT and GSH-PX were weak in all strains. The strains HCS-05 and HCW-08 were selected as the fermenting strains for the silage experiment because of their strong overall antioxidant capacity.

The results of TMR fermentation experiment showed that lactic acid bacteria could significantly improve the nutritional quality and fermentation quality of TMR, improve its aerobic stability and delay spoilage deterioration. Among them, HCS-05 fermentation and HCS-05 + HCW-08 mixed fermentation were more effective in improving the aerobic stability of TMR. The fermentation effect of the screened Lactobacillus gastrointestinalis on TMR was better than that of common Lactobacillus plantarum, and it has the potential to become a special probiotic for fermented feed for black goats.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

JY organized the LAB identifications. TY, KT, and RC performed the experiment and the statistical analysis. TY wrote the first draft of the manuscript. All authors contributed to the conception and design of the study, wrote sections of the manuscript, contributed to manuscript revision, read, and approved the submitted version.



Funding

This research was funded by the National Natural Science Foundation of China (No. 31960678).



Acknowledgments

We thank the National Natural Science Foundation of China for supporting this study.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

Ahotupa, M., Saxelin, M., and Korpela, R. (1996). Antioxidative properties of Lactobacillus GG. Nutr. Today 31, 51–52. doi: 10.1097/00017285-199611001-00018

Amanatidou, A., Smid, E. J., Bennik, M. H., and Gorris, L. G. M. (2001b). Antioxidative properties of Lactobacillus sake upon exposure to elevated oxygen concentrations. FEMS Microbiol. Lett. 203, 87–94. doi: 10.1111/j.1574-6968.2001.tb10825.x

Amanatidou, A., Bennik, M. H., Gorris, L. G., and Smid, E. J. (2001a). Superoxide dismutase plays an important role in the survival of Lactobacillus sake upon exposure to elevated oxygen. Arch. Microbiol. 176, 79–88. doi: 10.1007/s002030100297

Chen, Q., Kong, B. H., Sun, Q. X., Dong, F., and Liu, Q. (2015). Antioxidant potential of a unique LAB culture isolated from Harbin dry sausage: in vitro and in a sausage model. Meat Sci. 110, 180–188. doi: 10.1016/j.meatsci.2015.07.021

Chooruk, A., Piwat, S., and Teanpaisan, R. (2017). Antioxidant activity of various oral Lactobacillus strains. J. Appl. Microbiol. 123, 271–279. doi: 10.1111/jam.13482

Dobrowolski, P., Huet, P., Karlsson, P., Eriksson, S., Tomaszewska, E., Gawron, A., et al. (2012). Potato fiber protects the small intestinal wall against the toxic influence of acrylamide. Nutrition 28, 428–435. doi: 10.1016/j.nut.2011.10.002

Dowarah, R., Verma, A. K., Agarwal, N., Singh, P., and Singh, B. R. (2018). Selection and characterization of probiotic lactic acid bacteria and its impact on growth, nutrient digestibility, health and antioxidant status in weaned piglets. PLoS One 13:e0192978. doi: 10.1371/journal.pone.0192978

Gomes, A. L. M., Bueno, A. V. I., Osmari, M. P., Machado, J., Nussio, L. G., Jobim, C. C., et al. (2021). Effects of obligate heterofermentative lactic acid bacteria alone or in combination on the conservation of sugarcane silage. Front. Microbiol. 12:643879. doi: 10.3389/fmicb.2021.643879

Kim, S. H., Alam, M. J., Gu, M. J., Park, K. W., Jeon, C. O., Ha, J. K., et al. (2012). Effect of total mixed ration with fermented feed on ruminal in vitro fermentation, growth performance and blood characteristics of Hanwoo steers. Asian Australas. J. Anim. Sci. 25, 213–223. doi: 10.5713/ajas.2011.11186

Kleniewska, P., Hoffmann, A., Pniewska, E., and Pawliczak, R. (2016). The influence of probiotic Lactobacillus casei in combination with prebiotic inulin on the antioxidant capacity of human plasma. Oxid. Med. Cell. Longev. 2016:1340903. doi: 10.1155/2016/1340903

Kuda, T., Kawahara, M., Nemoto, M., Takahashi, H., and Kimura, B. (2014). in vitro antioxidant and anti-inflammation properties of lactic acid bacteria isolated from fish intestines and fermented fish from the Sanriku Satoumi region in Japan. Food Res. Int. 64, 248–255. doi: 10.1016/j.foodres.2014.06.028

Kullisaar, T., Zilmer, M., Mikelsaar, M., Vihalemm, T., Annuk, H., Kairane, C., et al. (2002). Two antioxidative lactobacilli strains as promising probiotics. Int. J. Food Microbiol. 72, 215–224. doi: 10.1016/S0168-1605(01)00674-2

Lee, J., Hwang, K. T., Heo, M. S., Lee, J. H., and Park, K. Y. (2005). Resistance of Lactobacillus plantarum KCTC 3009 from kimchi to oxidative stress. J. Med. Food 8, 299–304. doi: 10.1089/jmf.2005.8.299

Li, F. H., Ding, Z. T., Chen, X. Z., Zhang, Y. X., Ke, W. C., Zhang, X., et al. (2021). The effects of Lactobacillus plantarum with feruloyl esterase-producing ability or high antioxidant activity on the fermentation, chemical composition, and antioxidant status of alfalfa silage. Anim. Feed Sci. Technol. 273:114835. doi: 10.1016/j.anifeedsci.2021.114835

Li, S. Y., Zhao, Y. J., Zhang, L., Zhang, X., Huang, L., Li, D., et al. (2012). Antioxidant activity of Lactobacillus plantarum strains isolated from traditional Chinese fermented foods. Food Chem. 135, 1914–1919. doi: 10.1016/j.foodchem.2012.06.048

Liochev, S. I. (2013). Reactive oxygen species and the free radical theory of aging. Free Radic. Biol. Med. 60, 1–4. doi: 10.1016/j.freeradbiomed.2013.02.011

Liu, S. N., Han, Y., and Zhou, Z. J. (2011). Lactic acid bacteria in traditional fermented Chinese foods. Food Res. Int. 44, 643–651. doi: 10.1016/j.foodres.2010.12.034

Nishino, N., Harada, H., and Sakaguchi, E. (2010). Evaluation of fermentation and aerobic stability of wet brewers’ grains ensiled alone or in combination with various feeds as a total mixed ration. J. Sci. Food Agric. 83, 557–563. doi: 10.1002/jsfa.1395

Panyawoot, N., So, S., Cherdthong, A., and Chanjula, P. (2022). Effect of feeding discarded durian peel ensiled with Lactobacillus casei TH14 and additives in total mixed rations on digestibility, ruminal fermentation, methane mitigation, and nitrogen balance of Thai Native–Anglo-Nubian goats. Fermentation 8:43. doi: 10.3390/fermentation8020043

Rizzello, C. G., Lorusso, A., Russo, V., Pinto, D., Marzani, B., and Gobbetti, M. (2017). Improving the antioxidant properties of quinoa flour through fermentation with selected autochthonous lactic acid bacteria. Int. J. Food Microbiol. 241, 252–261. doi: 10.1016/j.ijfoodmicro.2016.10.035

Rubio, R., Jofre, A., Martin, B., Aymerich, T., and Garriga, M. (2014). Characterization of lactic acid bacteria isolated from infant faeces as potential probiotic starter cultures for fermented sausages. Food Microbiol. 38, 303–311. doi: 10.1016/j.fm.2013.07.015

Somashekaraiah, R., Shruthi, B., Deepthi, B. V., and Sreenivasa, M. Y. (2019). Probiotic properties of lactic acid bacteria isolated from neera: A naturally fermenting coconut palm nectar. Front. Microbiol. 10:1382. doi: 10.3389/fmicb.2019.01382

Virtanen, T., Pihlanto, A., Akkanen, S., and Korhonen, H. (2007). Development of antioxidant activity in milk whey during fermentation with lactic acid bacteria. J. Appl. Microbiol. 102, 106–115. doi: 10.1111/j.1365-2672.2006.03072.x

Wang, Q. D., Wang, R. X., Wang, C. Y., Dong, W., Zhang, Z., Zhao, L., et al. (2022). Effects of cellulase and Lactobacillus plantarum on fermentation quality, chemical composition, and microbial community of mixed silage of whole-plant corn and peanut vines. Appl. Biochem. Biotechnol. 8, 1–16. doi: 10.1007/s12010-022-03821-y

Wang, T. W., Teng, K. L., Cao, Y. H., Shi, W., Xuan, Z., Zhou, J., et al. (2020). Effects of Lactobacillus hilgardii 60TS-2, with or without homofermentative Lactobacillus plantarum B90, on the aerobic stability, fermentation quality and microbial community dynamics in sugarcane top silage. Bioresour. Technol. 312:123600. doi: 10.1016/j.biortech.2020.123600

Yang, J. S., Zhou, H. L., Wang, D. J., Tan, H. S., Xu, S. C., and Cai, Y. M. (2012). Study on microbial flora’s change and fermentation quality in ensiling of banana stems and leaves. Adv. Mater. Res. 524–527, 2316–2320. doi: 10.4028/www.scientific.net/AMR.524-527.2316

Yuan, X. J., Guo, G., Wen, A. Y., Desta, S. T., Wang, J., Wang, Y., et al. (2015). The effect of different additives on the fermentation quality, in vitro digestibility and aerobic stability of a total mixed ration silage. Anim. Feed Sci. Technol. 207, 41–50. doi: 10.1016/j.anifeedsci.2015.06.001

Zhang, H., Yang, Y. F., and Zhou, Z. Q. (2018). Phenolic and flavonoid contents of mandarin (Citrus reticulata Blanco) fruit tissues and their antioxidant capacity as evaluated by DPPH and ABTS methods. J. Integr. Agric. 17, 256–263. doi: 10.1016/S2095-3119(17)61664-2

Zhang, L., Liu, C., Li, D., Zhao, Y., Zhang, X., Zeng, X., et al. (2013). Antioxidant activity of an exopolysaccharide isolated from Lactobacillus plantarum C88. Int. J. Biol. Macromol. 54, 270–275. doi: 10.1016/j.ijbiomac.2012.12.037

Zhang, Y. L., Hu, P., Lou, L. J., Zhan, J., Fan, M., Li, D., et al. (2017). Antioxidant activities of lactic acid bacteria for quality improvement of fermented sausage. J. Food Sci. 82, 2960–2967. doi: 10.1111/1750-3841.13975



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Antioxidative properties analysis of gastrointestinal lactic acid bacteria in Hainan black goat and its effect on the aerobic stability of total mixed ration



		Introduction



		Materials and methods



		Samples and strains



		Reagents and instruments



		Main reagents



		Main instruments







		Methods



		Preparation of samples of each component of lactic acid bacteria



		Tolerance of lactic acid bacteria to hydrogen peroxide



		Determination of free radical scavenging ability of lactic acid bacteria



		2,2-Diphenyl-1-picrylhydrazine radical scavenging activity assay



		Hydroxyl radical scavenging activity assay



		Superoxide anion scavenging activity assay







		Antioxidant enzyme activity of lactic acid bacteria



		The effect of lactic acid bacteria fermentation on the aerobic stability of total mixed ration



		Fermentation total mixed ration modulation



		Determination of total mixed ration nutrients and fermentation quality



		Aerobic stability analysis of fermented total mixed ration











		Data analysis







		Results and discussion



		Analysis of tolerance of lactic acid bacteria to hydrogen peroxide



		Analysis of the free radical scavenging activity of lactic acid bacteria



		Analysis of 2,2-diphenyl-1-picrylhydrazine radical scavenging activity



		Analysis of hydroxyl radical scavenging activity



		Analysis of superoxide anion radical scavenging activity







		Analysis of antioxidant enzyme activity of lactic acid bacteria



		Effects of lactic acid bacteria fermentation on aerobic stability of total mixed ration



		Analysis of total mixed ration nutrient composition and fermentation quality



		Analysis of aerobic stability of fermented total mixed ration



		Microbial changes following fermented total mixed ration aerobic exposure



		pH changes following fermented total mixed ration aerobic exposure















		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

Antioxidative properties analysis
of gastrointestinal lactic acid
bacteria in Hainan black goat
and its effect on the aerobic
stability of total mixed ration







OPS/images/fmicb-13-974925-t002.jpg
Enzyme activity/(U/mL) Components Strains

HCS-01 HCS-05 HCS-07 HCW-08 HCW-09
Supernatant fluid 9.10 £ 0.33% 15.49 £ 0614 1130 £ 0.845 9.47 +£0.41% 9.78 +£0.41
SOD Intact cells 209 £0.17% 333£037% 246 £0.25% 348 018" 415+ 0.16%°
Cell contents 2454028 1.52 4 0.06% 2134020 3540344 1.54 £ 0.05%

Supernatant fluid - - - - -

CAT Intact cells - - - - -
Cell contents 121 £ 0.28480 0.86 £ 0.164% - 1.60 % 0.614 044 +0.10%

supernatant fluid - - - 0.03 +0.01 -

GSH-PX intact cells - - - - -

cell contents - - - 007 %0.01 0.08 % 0.01

Different capital letters
(P < 0.05).

dicate significant differences among strains (P < 0.05); different lowercase letters indicate significant differences among different components of the same strain






OPS/images/fmicb-13-974925-t003.jpg
Initial value

pH 6.78 & 0,022
DM (%EM) 43.10 £ 0.02°
CP (%DM) 1528 + 1.57
WSC (%DM) 16.15 £ 0.89
AN (%TN) -

LAB (Ig CFU/g) 4.16 £ 0.154
Yeast (Ig CFU/g) 6.40 £+ 0.322
Aerobic Bacteria (Ig CFU/g) 7.21 £ 0.292
Mold (g CFU/g) 6.11 4+ 0.10*

4.51 £ 0.02°
38.23 4+ 0.68°
14.18 £2.33
7.53 £ 0.87°
3324077
7.37 +£0.16°
3.21 4 0.06"
3.54 +0.18"
1.67 £ 058"

Group
II

4.09 £ 0.07°
39.51 + 1.74°
14.86 + 1.93
6.59 £ 0.914
3.244 023
8.16 + 0.29"
3.12+0.15°
1.70 & 0.05¢
ND

III

4.10 =£ 0.06°
38.44 +2.05
15.09 £ 2.05
6.86 == 0.45°
3.27 £0.59
8.2140.21°
3.15 4 0.08"
1.74 % 0.05¢
ND

VI

4.05+0.17°
39.69 + 1.83"
1513 £2.12
6.65 = 0.434
3.16 % 0.65
8.52 4+ 0.15%
2.98 4 0.19°
1.59 + 0.06°
ND

v

4.23 4+ 0.09°
3847 £ 1.07°
14.73 £1.97
7.05 = 0.67°
3.30 +0.43
7.93 4 0.18"
3.19 4+ 0.15"
1.82 +0.11¢
1.00 =+ 0.02°

Different lowercase letters indicate significant differences between peer data (P < 0.05), ND, not detected; DM, dry matter; CP, crude protein; WSC, water soluble carbohydrates; AN,

ammonia nitrogen.







OPS/images/fmicb-13-974925-t001.jpg
No.

Approach

TMR
TMR + HCS-05
TMR + HCS-08

TMR + HCS-
05 + HCS-08

TMR + HDX1

Addition amount/kg

1.0
1.0
1.0
1.0

1.0

Amount/Pack

The amount of lactic acid
bacteria added

0.1%
0.1%
0.1%

0.1%








OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Microbiology







OPS/images/cross.jpg
@ Check for updates.





OPS/images/fmicb-13-974925-g003.jpg
Hydroxyl radical scavenging rate (%)

90

80 A

20 A

[ ]supernatant fluid

[ Jintact cells
Aa [ ]cell contents
Aa L
Ba

Ba

e Ca
el

Cb
ab Bb ABc
HCS-01 HCS-05 HCS-07 HCW-08  HCW-09

Strains





OPS/images/fmicb-13-974925-e001.jpg
Hydroxyl radical scavenging rate (%)
= [(A1— A3) /(A2 — A9)] x 100 @)





OPS/images/fmicb-13-974925-g004.jpg
Superoxide anion clearance rate (%)

100 -

[ ]supernatant fluid
[ J]intact cells

[ ]cell contents
Aa

ABa ABa

HCS-01 HCS-05 HCS-07 HCW-08 HCW-09

Strains





OPS/images/fmicb-13-974925-e002.jpg
Superoxide anion scavenging rate (%)

= [1 —AyAy] x 100

[©)]





OPS/images/fmicb-13-974925-g005.jpg
—E—Groupl B

The number of lactic acid bacteria (Ig cfu/g) >

The number of aerobic bacteria (Ig cfu/g) O

—@— Group 11 e _
¥ v —A— Group III
6.0
¢ . v ——GrowpV = 2
: \.\ roup V' 5 5.5 - /
— s \ - v
w %)
| & e 4
\ \. 'q’é 4.0 —H— Group I
u = . —@— Group II
\-\ _g;i 35 - —A— Group I1I
» - | —WVW— Group VI
B —&— Group V
6.0 . . , . , , 25 . : . . . . \ . :
0 3 6 9 12 0 3 6 9 2
Time (d) Time (d)
D
Fis —HE— Group I ® g.| —m— Group I s
—@— Group II / —e— Group I /
6 —A— Group III m b —A— Group 111 -
—V— Group IV < 47 —Ww— Group VI
. —&— Group V L, —&— Group V
. - =
= O ¢
4 ./ /. E /./2/'
i v S
I/ 5 2+ - / /
3 - e £ . v%
‘/ = /
t% — 211 ¢ °
=~
2 o / v
‘4v/ all o
1 1 1 1 1 | | . | ! I . | : |
0 3 6 9 12 0 3 6 9 12

Time (d)





OPS/images/fmicb-13-974925-g006.jpg
pH

6.0

—m— Group |
—0— Group II
—A— Group III
3551 —v— Group IV
—— Group V
u
50
/./
¢
4.5 - /-/x’///; A
%’
4.0 -
3.5 T T T T T
0 3 6 B 12

Time (d)





OPS/images/fmicb-13-974925-g001.jpg
OD (700nm)

2.3

2.0 4

—
i
|

-
(=
|

HCS-01

HCS-05

|
!

HCS-07

Strains

HCW-08

[ ]Oommol/L
[ ] tmmol/L
[ ]2mmol/L
[ ]3mmol/L

HCW-09

OD(700nm)

2.5 =

e
o
1

—
W
1

o
(e
1

0.0 -

HCS-01

‘ | | I

HCS-05

HCS-07

Strains

HCW-08

[ ]ommol/L
[ ]1mmolL
[ ]2mmolL
[ ]3mmol/L

HCW-09





OPS/images/fmicb-13-974925-g002.jpg
DPPH clearance (%)

100 -

80

60 -

40 -

20 A

[ ]supernatant fluid
[ Jintact cells

Ba ABa [ Jcell contents
Ba

Aa

ABb Ab

Bb ABD

AB ABc Ac ABc
C (=] [ ==

HCS-01 HCS-05 HCS-07 HCW-08 HCW-09

Strains





OPS/images/fmicb-13-974925-e000.jpg
DPPH radical scavenging rate (%)
= [1 = (A1 — Ag) /A3] x 100 Q)





