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To overcome the problems with current mineral supplements for laying hens including low absorption, mineral antagonism, and high cost, we developed mineral element fermentation complexes (MEFC) by synergistically fermenting bean dregs and soybean meal with strains and proteases and complexing with mineral elements. The fermentation complexation process was optimized based on the small peptide and organic acid contents and the complexation rate of mineral elements after fermentation. The optimal conditions were as follows: the total inoculum size was 5% (v/w), 15% (w/w) wheat flour middling was added to the medium, and mineral elements (with 4% CaCO3) were added after the completion of aerobic fermentation, fermentation at 34°C and 11 days of fermentation. Under these conditions, the complexation rates of Ca, Fe, Cu, Mn, and Zn were 90.62, 97.24, 73.33, 94.64, and 95.93%, respectively. The small peptide, free amino acid, and organic acid contents were 41.62%, 48.09 and 183.53 mg/g, respectively. After 60 days of fermentation, 82.11% of the Fe in the MEFC was ferrous ions, indicating that fermentation had a good antioxidant effect on ferrous ion, and the antioxidant protection period was at least 60 days. Fourier transform infrared spectroscopy showed that the mineral ions were complexed with amino and carboxyl groups. The added mineral elements promoted microbial growth, protein degradation, and organic acid secretion and significantly improved fermentation efficiency. Animal experiments showed that MEFC had positive effects on several parameters, including production performance (average daily feed intake, P < 0.05; egg production rate, P < 0.05; and average egg weight, P < 0.05), mineral absorption, intestinal morphology (villus height to crypt depth ratio in the jejunum and ileum, P < 0.05), and blood routine and biochemical indexes (red blood cells, P < 0.05; hemoglobin, P < 0.05). This study provides theoretical support for the development of mineral complexes for laying hens via fermentation.
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Introduction

Mineral elements are essential for maintaining the normal physiological functions and health of all organisms and greatly impact the production performance of laying hens (1, 2). Ca, Fe, Cu, Zn, and Mn are essential elements in laying hens, and deficiency of these minerals has been reported to cause growth stagnation, impaired immunity, decreased egg production rates, and other health problems (3, 4). During breeding, laying hens are often fed large amounts of inorganic mineral salts and stone powder. However, these mineral salts cannot be fully absorbed, leading to high levels of excretion and the potential for environmental pollution. In addition, excessive intake of inorganic mineral salts can lead to heavy metal poisoning, which causes serious harm to laying hens. Absorption of Ca2+ from stone powder requires degradation in the digestive tract to release free Ca2+, resulting in a low rate of calcium absorption.

The mineral supplements commonly administered to laying hens, such as inorganic mineral salts, organic acid mineral salts, amino acid chelates, and small peptide complexes, have several disadvantages. Inorganic mineral salts, which are widely used because of their low cost, have a low absorption rate, poor stability, and absorption antagonism with other minerals (3, 5). Organic acid mineral salts are absorbed at a higher rate than inorganic mineral salts but are hampered by precipitation and absorption competition (6). Although amino acid chelates have a high absorption rate, strong stability, and safety, they are expensive (7). Small peptide complexes are better than the others, but few commercial products exist. Hence, developing appropriate mineral supplements for the poultry industry is vital. The absorption pathways of each type of mineral element will be saturated, and supplementing a single type of mineral element may not be the best choice. By supplementing multiple types of mineral elements simultaneously, the various ways of absorbing mineral elements can be fully utilized to achieve the best absorption. Therefore, developing mineral element complexes containing multiple types of mineral elements has great potential for applications and research.

Bean dregs (BD) and soybean meal (SBM) are rich in proteins and sugars (8), which are ideal sources of mineral complexing ligands. Fermentation is an efficient, low-cost method for degrading proteins, starch, and other macromolecular substances to produce amino acids, small peptides, organic acids, and other complexing ligands (9). Heng et al. (10) reported that cooperative fermentation by Bacillus, yeast, and lactic acid bacteria with proteases greatly improved fermentation efficiency. By combining BD and SBM fermentation with mineral complexation, fermented mineral complexes can be obtained via a simple, highly efficient production process. The obtained mineral element fermentation complexes (MEFC) contain various types of mineral elements, such as small peptide complexes, amino acid complexes, and organic acid complexes.

In this study, we used Bacillus subtilis, Saccharomyces cerevisiae, Lactobacillus plantarum, Lactobacillus rhamnosus, acid protease, and papain to synergistically ferment BD and SBM and then optimized the mineral element fermentation complexation process. The effect of the added mineral elements on fermentation was investigated by analyzing the produced MEFC. The effects of feeding MEFC on laying hens were analyzed in animal experiments. The results of this study provide a feasible strategy for producing mineral element complexes at low cost with high efficiency, which contributes to the supply of mineral elements for laying hens.



Materials and methods


Materials

BD and SBM were purchased from a local bean processing factory. All solvents and chemicals were of analytical grade or better. Both acid protease activity and papain activity were 60,000 u/g. L. plantarum (CGMCC 1.557) and L. rhamnose (CGMCC 1.2467) were purchased from China General Microbiological Culture Collection Center. The B. subtilis and S. cerevisiae strains used were screened and preserved in our laboratory.



Cultivation of fermentation strains

Bacillus subtilis, L. plantarum, and L. rhamnose were cultured in soymilk medium (2% [w/v] soybeans, 2% [w/v] brown sugar) at 37°C for 18 h. S. cerevisiae was cultured in soymilk medium at 28°C for 18 h.



Initial solid-state fermentation

The fermentation medium contained 100 g of BD and 100 g of SBM. First, the medium was inoculated with B. subtilis for aerobic fermentation at 30°C for 12 h. Next, S. cerevisiae, L. plantarum, L. rhamnosus, 0.65% acid protease, and 0.65% papain were added to the medium, which was placed in a sealed fermentation bag containing a one-way vent for anaerobic fermentation and incubated at 30°C for 7 days. An equal volume of each strain was inoculated, and the total inoculum size was 5% (v/w).



Optimization of fermentation complexation

According to the 5% MEFC addition amount and standard mineral elements required for laying hens, 796 mg of FeSO4⋅7H2O, 32 mg of CuSO4⋅5H2O, 492 of mg MnSO4⋅H2O, 528 mg of ZnSO4⋅7H2O, and 4% CaCO3 were added per each 100 g of fermented bean dregs and soybean meal (FBDSM). To determine the optimal timing for adding the mineral elements, mineral elements were added after the completion of aerobic fermentation and after the completion of anaerobic fermentation. The complexing times of the former were the same as the anaerobic fermentation time. The complexing times of the latter were 0.5, 1, 3, 6, 12, and 24 h. To determine the optimal parameters for mineral complexation rates, other conditions were varied as follows: CaCO3: 0, 2, 4, 6, 8, 10, 12, 14, and 16% (w/w); carbon source: wheat bran, wheat flour middlings, wheat flour, rice bran, corn flour, and vinegar residue [all at 15% (w/w)]; fermentation temperature: 22°C, 25°C, 28°C, 31°C, 34°C, 37°C, and 40°C; inoculum size: 0.5, 1, 3, 5, 7, and 9%, (v/w); and fermentation time: 1, 3, 5, 7, 9, 11, 13, 15, and 20 days. Furthermore, the small peptide and organic acid contents were evaluated during optimization.



Fourier transform infrared spectroscopy analysis

Fourier transform infrared spectroscopy (FTIR) analysis was performed according to the method described by Hou et al. (11), with some modifications. MEFC (1 g) was washed three times with 30 ml of anhydrous ethanol, dried at 45°C, ground, and then analyzed using a Fourier transform infrared spectrometer (Nicolet iS50; USA).



Effect of fermentation on the redox of Fe2+ and Fe3+

FeSO4⋅7H2O and FeCl3 containing equal amounts of Fe were added to the fermentation medium, respectively, to investigate the redox changes of Fe2+ and Fe3+.



Effect of adding minerals on fermentation

Using a fermentation without added mineral elements as the control, the corresponding indicators were analyzed to evaluate the effect of mineral elements on fermentation. Samples were taken at 11 days to analyze protein degradation and free amino acids and organic acids. The number of live fermenting microorganisms was determined at 0, 0.5, 1, 4, 7, 11, 15, 20, and 30 days. Quantitative real-time PCR (qPCR) of B. subtilis was performed at 0, 0.5, 1, 4, 7, 11, 15, 20, and 30 days, and qPCR of S. cerevisiae, L. plantarum, and L. rhamnosus was performed at 0.5, 1, 4, 7, 11, 15, 20, and 30 days.



Determination of the mineral element complexation rate

The mineral element complexation rate was determined based on Chinese national standard GB 5009.268–2016 (12), with appropriate modifications. The added mineral element content was recorded as Fe1, Cu1, Mn1, Zn1, and Ca1. MEFC (1.00 g) was mixed with 30 ml of anhydrous ethanol, shaken, soaked for 1 h, and then centrifuged at 6,000 × g for 15 min. Subsequently, 10 ml of the supernatant was ashed in a muffle furnace. The Fe, Cu, Mn, and Zn contents were measured by inductively coupled plasma-optical emission spectroscopy (ICP-OES) (VARIAN VISTA-MPX; USA) and was recorded as Fe2, Cu2, Mn2, and Zn2, respectively. FBDSM was used as a control and was recorded as Fe3, Cu3, Mn3, and Zn3 and was determined by the same method as MEFC.

MEFC (1.00 g) was mixed with 100 ml of 1% CH3COOH, shaken, soaked for 1 h, and centrifuged at 6,000 × g for 15 min. Then, the supernatant (10 ml) was collected and ashed in a muffle furnace. Ca content was measured using ICP-OES and reported as Ca2. MEFC (2.00 g) was mixed with 100 ml of deionized water, shaken, soaked for 1 h, and then centrifuged at 6,000 × g for 15 min. The supernatant (10 ml) was ashed in a muffle furnace. Ca content was measured using ICP-OES and was reported as Ca3. The following formulae were used to calculate the complexation rates of each mineral element:
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Determination of small peptide, free amino acid, and organic acid contents

Small peptide content (including small peptides and free amino acids) was determined as previously described by Shi et al. (13). Dried MEFC (3.00 g) was suspended in 50 ml of 15% trichloroacetic acid, incubated for 10 min, filtered with qualitative filter paper, and centrifuged at 2,600 × g for 10 min. The supernatant (10 ml) was used for the determination.

Free amino acids were determined using the method described by Heng et al. (10). The total free amino acid content was calculated as the sum of all free amino acids.

Organic acids were determined using the method described by Moghaddam et al. (14), with slight modifications. The organic acid content includes organic acid group anions and organic acid molecules. The total organic acid content was calculated as the sum of each acid content. MEFC (2.00 g) was mixed with 30 ml of HCl solution (pH 2.7), sonicated for 30 min, shaken, incubated for 3 h, and then centrifuged at 5,500 × g for 30 min. The supernatant was diluted with HCl solution (pH 2.0) at a 1:1 ratio, and then filtered through a 0.45 μm filter before high-performance liquid chromatography (HPLC) analysis (SHIMADZU, Japan). The chromatographic conditions were as follows: mobile phase, 0.01 mol/L KH2PO4 (pH 2.7):methanol, 97:3; chromatographic column, Welch AQ-C18; detection wavelength, 210 nm; and flow rate, 0.6 ml/min.



Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

SDS-PAGE was performed as previously described by Shi et al. (13). The test samples were dried at 105°C, and then 1 g of the dried sample was mixed with 30 ml of Tris-HCl (0.03 mol/L, pH 8.0), incubated for 1 h, and centrifuged at 6,520 × g for 10 min. The supernatant was used for SDS-PAGE.



Determination of Fe2+ content

Fe2+ was determined according to the method of Stookey (15), with appropriate modifications. Each sample (2.00 g) was mixed with 600 ml of 1% Cl3CCOOH, sonicated for 20 min, and filtered through qualitative filter paper. A 1 ml sample of the filtrate was mixed with 1 ml of acetate buffer (pH 6.0) containing 4.0 mmol/L phenazine and 0.1 mol/L Na2S2O3. After incubation at 26°C in a water bath for 35 min, the mixture was centrifuged at 6,000 × g for 15 min. The absorbance of the supernatant was measured at 562 nm. Each sample (1.00 g) was completely ashed in a muffle furnace and then the total Fe content was determined by ICP-OES. The Fe2+ content was calculated as follows:
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Determination of fermenting microorganisms

The number of live fermenting microorganisms was determined according to ISO:4833:2003 (16). A sample (1.00 g) of the fermentation was mixed with 10 ml of sterile water and incubated for 30 min, and then the liquid was diluted and spread on solid medium for culturing.

DNA extraction and qPCR of fermenting microorganisms were performed according to the method described by Yu et al. (17). Each sample (1.00 g) was mixed with 10 ml of deionized water, shaken for 20 min, and filtered through a 200-mesh sieve. A sample of the filtrate (2 ml) was used to extract DNA using the FastPure Bacteria DNA Isolation Mini Kit (Vazyme, China) for qPCR (QuantStudio 3 Real-Time PCR System; Applied Biosystems, USA). The specific primers used for the strains (18, 19) are listed in Table 1.


TABLE 1    Specific primers of strains.
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Animal experiments


Animal ethics

All experimental animal procedures were reviewed and approved by the Institutional Animal Care and Use Committee of Jiangsu University (UJS IACUC) (approval number: UJS-IACUC-2020041001) and were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.



Experimental design and feeding management

Seventy-twoSan-Huang laying hens with the same body conditions and similar body weights were selected for the experiment. The hens were divided into experimental and control groups, with three replicates in each group and 12 laying hens in each replicate. The feed for laying hens was prepared based on the “Nutrient Requirements of Poultry” of the NRC (20), and the composition is shown in Table 2. The feed for the experimental group contained 5% MEFC, and the feed for the control group contained 5% unfermented MEFC raw material containing the same amounts of FeSO4⋅7H2O, CuSO4⋅5H2O, MnSO4⋅H2O, ZnSO4⋅7H2O, and CaCO3 as in the MEFC. Corn, multivitamin, DL-methionine, stone, CaHPO4, vitamin C, and phytase were all feed grade.


TABLE 2    Feed formula for laying hens (as-fed basis, %).
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The pre-experiment period lasted for 15 days, and the formal experiment lasted for 60 days. Laying hens were exposed to light for 16 h per day and were fed twice a day at 8:30 and 17:30. The laying hens were given free access to food and water. The laying hen house was disinfected once every 7 days, and the feces were cleared at 15:00 every day. Eggs were collected every afternoon before feeding. Other management measures were performed according to the routine feeding management of laying hens. The experiment was repeated thrice.



Determination of production performance

The amount of feed, remaining feed, number of eggs, egg weight, number of broken soft eggs, and eggshell thickness were recorded daily. Average daily feed intake, egg production rate, average egg weight, broken soft egg rate, and average eggshell thickness were calculated every 30 days using the following formulae:
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Determination of the mineral element contents in the blood, liver, heart, and feces

Before feeding on the morning of the 61st day, feces were collected from each replicate to measure the mineral contents, and the average value was calculated. The laying hens were slaughtered after blood sampling, and the blood, liver, and heart were collected to determine the mineral element content. Mineral element content was determined according to the Chinese national standard GB 5009.268-2016 (12).



Preparation of intestinal paraffin sections

On the 61st day, the hens were slaughtered after blood sampling, and the duodenum, jejunum, and ileum were collected and soaked in 10% neutral formalin overnight. Intestinal paraffin sections were prepared according to the method of Wang et al. (21). For each intestinal section, the average of five measured values was calculated.



Determination of routine blood and biochemical parameters

After a 12 h fast on the 61st day, 5 ml of blood was collected from the wing fossa vein of each laying hen, incubated in a refrigerator at 4°C for 30 min, and then centrifuged at 1,800 × g for 15 min. Routine blood tests were performed using an automatic animal blood cell analyzer (BC-2800Vet; Mindray, China), including white blood cells (WBC), red blood cells (RBC), hemoglobin, and hematocrit. Biochemical indexes were determined using an automatic biochemical analyzer (AU680; Beckman Coulter, USA), including alanine transaminase (ALT), aspartate transaminase (AST), urea, uric acid, blood glucose, total cholesterol (TCHOL), high-density cholesterol (HDL-C), and low-density cholesterol (LDL-C).




Statistical analysis

All experiments were performed in triplicate. All data are expressed as the mean ± SD and were analyzed using one-way analysis of variance (ANOVA) in SPSS and plotted using Origin Pro8. Statistical significance was set at P < 0.05.




Results and discussion


Effect of the timing of mineral element addition on the complexation rate

As shown in Figure 1A, the complexation rates of Fe, Cu, Mn, and Zn were similar regardless of whether mineral elements were added after aerobic fermentation or after anaerobic fermentation. This may be because of the good solubility of FeSO4⋅7H2O, CuSO4⋅5H2O, MnSO4⋅H2O, and ZnSO4⋅7H2O, which can dissociate quickly in the fermentation medium to release free Fe2+, Cu2+, Mn2+, and Zn2+. Complexation of free Fe2+, Cu2+, Mn2+, and Zn2+ was completed in a short time, and the analysis showed a high complexation rate within 0.5 h. The complexation rate of Cu was much lower than the rates of Fe, Mn, and Zn, which may be because Cu did not easily form a complex under these conditions. There is no difference if Fe, Cu, Mn and Zn are added after completion of aerobic or anaerobic fermentation. Therefore, to reduce the process steps and production costs, Fe, Cu, Mn, and Zn were added after aerobic fermentation.
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FIGURE 1
(A) Effect of timing of adding mineral elements on the complexation rate; (B) Effect of amount of CaCO3 added on the complexation rate; (C) Effect of amount of CaCO3 added on contents of small peptides and organic acids; (D) Effect of carbon sources on the complexation rate; (E) Effect of carbon sources on contents of small peptides and organic acids; Values expressed as mean ± standard deviation (n = 3).


The Ca complexation rate was significantly higher when CaCO3 was added after aerobic fermentation than after anaerobic fermentation (Figure 1A). Ca complexation can only occur after CaCO3 is degraded by organic acids to release free Ca2+. The CaCO3 added after anaerobic fermentation could not be completely degraded to free Ca2+ by organic acids due to the short fermentation time, which affected Ca complexation. Therefore, CaCO3 was added after aerobic fermentation.



Effect of the amount of CaCO3 added

The effect of CaCO3 addition on the complexation rate of mineral elements was investigated, and the results are shown in Figure 1B. The complexation rates of Ca and Cu decreased with increasing amounts of CaCO3. However, the addition of CaCO3 had no significant effects on the complexation rates of Fe, Mn, and Zn. An increase in CaCO3 increased the amount of Ca2+ released. However, when it exceeded the degradation limit of the organic acids in FBDSM, the amount of Ca2+ released remained unchanged. Thus, the Ca complexation rate decreased as the amount of CaCO3 increased. The decrease in the Cu complexation rate may be due to ligand competition caused by Ca complexation.

The small peptide content of FBDSM with no mineral elements was 24.59%, and the organic acid content was 120.63 mg/g (Supplementary Table 1), while the small peptide content of FBDSM with Fe, Cu, Mn, and Zn was 21.14% and the organic acid content was 110.86 mg/g (Figure 1C). This indicated that the addition of Fe, Cu, Mn, and Zn may affect the growth and metabolism of the fermenting microorganisms and decrease the small peptide and organic acid contents. The addition of the four minerals created a high salt environment, which affected the osmotic pressure on the cell membrane of the fermenting microorganisms, slowing their metabolism and even causing death. In addition, Cu has a strong bactericidal effect (22) and a great impact on microorganisms.

The small peptide content increased as the amount of CaCO3 added increased and reached a maximum of 27.92% at 4% CaCO3 (Figure 1C). The organic acid content increased continuously following the addition of CaCO3 (Figure 1C). Fan et al. (23) found that Ca2+ increased protease activity, which could promote protein degradation. CaCO3 neutralizes organic acids, slows microbial inhibition caused by low pH, and promotes the secretion of organic acids by microorganisms. When a higher amount of CaCO3 was added, the undegraded CaCO3 was very stable and had less influence on fermentation and the complexation of the other mineral elements, but led to CaCO3 waste. When 4% CaCO3 was added, the Ca and Cu complexation rates were greater than 60%; the Fe, Mn, and Zn complexation rates were greater than 90%; and the small peptide and organic acid contents were 27.92% and 138.92 mg/g, respectively. The fermentation complexation effect satisfied the requirements. Therefore, 4% CaCO3 was added.



Effect of carbon source

Carbon source is essential for microbial growth and provides precursors for the production of organic acids (24). The organic acid content in the fermentation medium is closely related to the amount of free Ca2+ released by acidolysis of CaCO3 and the Ca complexation rate. As shown in Figure 1D, changing the carbon source did not have a significant effect on the complexation rates of Fe, Mn, and Zn but did have an effect on the complexation rates of Ca and Cu. As shown in Figures 1D,E, when corn flour was added, the organic acid content was the highest, but the small peptide content was lower, resulting in fewer complexing ligands and a lower Ca complexation rate. When wheat flour was added, the Ca complexation rate and small peptide content were highest; however, the Cu complexation rate was lower. When wheat flour middling was added, the complexation rate, organic acid content, and small peptide content were not the highest, but all values were in the middle to upper range, and the Cu complexation rate was the highest. Therefore, wheat flour middling was used.



Effect of fermentation temperature

The fermentation temperature is closely related to complexation, enzymatic hydrolysis, and microbial fermentation. As shown in Figures 2A,B, changing the fermentation temperature had almost no effect on the complexation rates of Fe, Mn, and Zn. However, as the temperature increased, the complexation rates of Ca and Cu and the small peptide and organic acid contents increased and then decreased, reaching their highest values at 34°C. Low or high temperatures were not conducive to the reproduction and metabolism of the fermentation strains and enzyme activity (25), resulting in fewer complexing ligands, such as small peptides and organic acids, and affecting the complexation of Ca and Cu. Therefore, 34°C was selected as the fermentation temperature.


[image: image]

FIGURE 2
(A) Effect of fermentation temperature on the complexation rate; (B) Effect of fermentation temperature on contents of small peptides and organic acids; (C) Effect of total inoculum size on the complexation rate; (D) Effect of total inoculum size on contents of small peptides and organic acids; (E) Effect of fermentation time on the complexation rate. Values expressed as mean ± standard deviation (n = 3).




Effect of inoculum size

As shown in Figures 2C,D, inoculum size had little effect on the complexation rates of Fe, Mn, and Zn. However, as inoculum size increased, the complexation rates of Ca and Cu, small peptide content, and organic acid content first increased and then decreased, peaking at 5% inoculum. When the inoculum size was small, fermentation was slow, the organic acid and small peptide contents were low, and the complexation rates of Ca and Cu were low. When the inoculum size was increased, the fermentation strains multiplied rapidly, accelerating fermentation and CaCO3 degradation. However, too much inoculum could cause more organic acids to be secreted prematurely, inhibiting strain growth and protease activity (26) and reducing small peptide and organic acid contents. Additionally, microorganisms have an enriching effect on mineral elements. As inoculum size increased, Ca and Cu were enriched by microorganisms, which led to a reduction in the complexation rate. Therefore, the inoculum size was set at 5%.



Effect of fermentation time on the complexation rate

As shown in Figure 2E, as the fermentation time increased, the complexation rates of Fe, Cu, Mn, Zn, and Ca increased. The Fe, Mn, and Zn complexation rates leveled off after 5 days, and the overall complexation rate was higher. The Cu complexation rate leveled off after 9 days, and the Ca complexation rate leveled off after 11 days. Extended fermentation may lead to contamination with harmful bacterial and increased fermentation costs. Therefore, the fermentation time was set to 11 days.



Fourier transform infrared spectroscopy analysis

Studies have shown that mineral ions can be complexed with the amino and carboxyl groups of small molecules, such as peptides, amino acids, and organic acids, as well as nitrogen and oxygen atoms containing lone pairs of electrons in the side chains (27). As shown in Figure 3, the peak generated by the stretching vibration of N-H at 3,410.68 cm–1 shifted to 3,292.17 cm–1 in MEFC, and the peak shape became wider, indicating that mineral ions were complexed with -NH2. The symmetrical vibration of -COOH is generally around 1,400 cm–1, and the anti-symmetric vibration is around 1,650 cm–1. The peak at 1,402.49 cm–1 in the map of FBDSM without mineral elements shifted to 1,424.91 cm–1 in the high band in the MEFC map. Simultaneously, the C = O absorption peak at 1,629.89 cm–1 shifted to 1,649.11 cm–1. These results indicated that mineral ions were complexed complex with -COOH.
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FIGURE 3
Fourier transform infrared spectroscopy analysis. FBDSM: fermented bean dregs and soybean meal; MEFC: mineral element fermentation complexes.




Effect of mineral elements on protein degradation

As shown in Supplementary Table 2, the small peptide content of MEFC was slightly higher than that of FBDSM, but the difference was not significant. Compared with the raw materials, regardless of whether mineral elements were added or not, proteins greater than 5kDa were almost completely degraded, and the degree of degradation was similar (Figure 4). This indicated that the addition of mineral elements did not affect protein degradation.
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FIGURE 4
SDA-PAGE of fermented bean dregs and soybean meal (FBDSM) and mineral element fermentation complexes (MEFC) proteins. M: protein molecular weight markers (5∼245kDa); 1: FBDSM; 2: MEFC; 3: raw materials.




Free amino acid and organic acid analysis

Free amino acids, except arginine, were increased from 40.07 to 48.09 mg/g after adding mineral elements (Table 3). This indicated that the added mineral elements promoted protein degradation and release more amino acids from the raw materials.


TABLE 3    Free amino acid analysis.
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The addition of mineral elements increased the total organic acid content from 158.4 to 183.53 mg/g (Table 4), suggesting that mineral elements may activate related enzymes, promote the metabolism of sugars, and increase the production of organic acids. CaCO3 neutralized organic acids and slowed the inhibition of strain metabolism and enzyme activity induced by low pH. Zheng et al. (28) used 17% NaOH as a neutralizer to promote lactic acid production by Sporolactobacillus inulinus. Sugar metabolism, including glycolysis and the citric acid cycle, is a dynamic process in which acids are consumed and metabolized to produce other acids (29). The lactic acid content increased remarkably from 74.38 to 94.06 mg/g, and the acetic acid content increased from 27.56 to 36.79 mg/g.


TABLE 4    Organic acid analysis.
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Effect of fermentation on Fe2+ and Fe3+ redox

Fe is important for laying hens and is directly related to hemoglobin synthesis and O2 transport and utilization (30). Fe2+ is easily oxidized to Fe3+, and Fe3+ must be transformed to Fe2+ before it can be used (31). FBDSM has good antioxidant properties that prevented the oxidation of Fe2+ to Fe3+ and promoted the reduction of Fe3+ to Fe2+. As shown in Figure 5A, the Fe2+ content of FBDSM with FeSO4⋅7H2O first decreased, then increased, and leveled off after 11 days. The Fe2+ content of FBDSM with FeCl3 continued to increase and then leveled off after 20 days. Because of the residual oxygen in the fermentation bag during the initial fermentation stage, Fe2+ was rapidly oxidized to Fe3+; after 1 day of fermentation, the Fe2+ content of FBDSM with FeSO4⋅7H2O was reduced to 54.84%. As fermentation progressed, oxygen was exhausted and reducibility increased; thus, Fe3+ was gradually reduced to Fe2+. On the 60th day of the two experiments, the Fe2+ contents were as high as 82.11 and 75.56%. Therefore, effective antioxidant protection against Fe2+ oxidation lasts at least 60 days. For fermentation complexation, Fe was added after aerobic fermentation to protect Fe2+.
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FIGURE 5
(A) Effect of fermentation on the redox of Fe2+ and Fe3+; (B) Effect of mineral elements on the number of viable microorganisms; (C) Effect of mineral elements on the growth of Bacillus subtilis and Saccharomyces cerevisiae; (D) Effect of mineral elements on the growth of Lactobacillus. Values expressed as mean ± standard deviation (n = 3).




Effect of the mineral elements on fermenting microorganisms

Above a certain concentration range, mineral elements are toxic to microorganisms, and different microorganisms have distinct tolerances for mineral elements. As shown in Figure 5B, at the added concentrations, the mineral elements had a little toxic effects on the fermenting microorganisms, and the number of live fermenting microorganisms even increased. During early fermentation, the addition of mineral elements promoted the growth of B. subtilis and S. cerevisiae. The maximum numbers of B. subtilis and S. cerevisiae increased from 1.35 × 108 to 2.57 × 108 copies/g and from 4.37 × 108 to 6.61 × 108 copies/g, respectively (Figure 5C). The addition of mineral elements also promoted the growth of L. plantarum and L. rhamnosus. The maximum numbers of L. plantarum and L. rhamnosus increased from 7.94 × 108 to 2.19 × 109 and 5.89 × 108 to 1.48 × 109 copies/g, respectively (Figure 5D). Adding the minerals increased the concentrations of these elements that necessary for the growth and metabolism of the fermenting microorganisms and thus promoted their growth. The added CaCO3 increased protease activity, thus promoting the degradation of proteins into small peptides, which are more easily absorbed and utilized. CaCO3 also had a buffering effect against the produced organic acids and improved the low pH environment generated by the fermenting microorganisms. However, during late fermentation, the large amount of organic acids produced inhibited the growth of the fermenting microorganisms, leading to death, especially B. subtilis and S. cerevisiae.



Effect of mineral element fermentation complexes on the production performance of laying hens

Compared with the control group, the average daily feed intake of laying hens fed MEFC was higher (Table 5). This may be because the MEFC contains organic acids, amino acids, and other components that gave the feed a strong acidic flavor, which stimulated feed intake. Feeding with MEFC also increased the egg production rate and average egg weight (Table 5), suggesting that MEFC improved the absorption of mineral elements and other nutrients. The broken soft egg rate and average eggshell thickness are closely related to the absorption of mineral elements, such as Ca. The broken soft egg rate of laying hens fed MEFC was lower than that of the control group, and the difference was significant from 31 to 60 days (6.18, 8.81%). The average eggshell thickness in the experimental group was higher than that in the control group; however, the difference was not statistically significant. These results indicated that MEFC could improve the absorption and utilization of mineral elements, especially Ca.


TABLE 5    Effect of mineral element fermentation complexes on production performance of laying hens.
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Effect of mineral element fermentation complexes on the mineral element contents in the blood, liver, heart, and feces

As shown in Table 6, the Ca and Fe contents in the blood, liver, and heart; Zn content in the blood; and Cu content in the heart of the experimental group were significantly higher than those of the control group. However, there were no significant differences in the Cu and Mn contents in the blood; Cu, Mn, and Zn contents in the liver; and Mn and Zn contents in the heart between the two groups. The Ca, Fe, Cu, Mn, and Zn contents in the feces of laying hens fed MEFC were lower than those in the control group. The Cu and Mn contents from 31 to 60 days and the Ca and Fe contents were significantly different between the two groups. These results indicated that MEFC promoted the absorption of mineral elements and reduced the excretion of mineral elements in laying hens compared with inorganic mineral elements, which is consistent with the results of Meng et al. (32), who showed that supplementation with methionine manganese chelate improved tissue trace element deposition.


TABLE 6    Effect of MEFC on contents of mineral elements in blood, liver, heart and feces.
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Effect of mineral element fermentation complexes on the intestinal morphology of laying hens

Nutrients are mainly absorbed in the small intestine, and the higher the villus height to crypt depth ratio in the small intestine, the greater the intestinal absorption. Intestinal paraffin sections of laying hens are shown in Supplementary Figure 1. The villus height to crypt depth ratios were higher in the experimental group than in the control group (Table 7), and the differences were significant in the jejunum (14.32 vs. 11.46) and ileum (10.39 vs. 8.52). This may be because MEFC contains a large number of probiotics, which improved intestinal morphology.


TABLE 7    Effect of mineral element fermentation complexes on intestinal morphology of laying hens.
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Effect of mineral element fermentation complexes on blood routine indexes of laying hens

WBC are an important immune component and phagocytize invading bacteria. As shown in Table 8, the number of WBC was higher in the experimental group than in the control group; however, the difference was not significant, indicating that MEFC may enhance the immune function of laying hens. Kim et al. (33) found that probiotics composed of B. subtilis, Lactobacillus, and yeast significantly increased the number of WBC in the blood of laying hens. MEFC is rich in probiotics, which may be one of the reasons why the number of WBC was higher in the experimental group than in the control group. RBC, hemoglobin, and hematocrit are important indicators of anemia and iron nutritional status. RBC have the most abundant in animal blood and are the main media for the body to transport oxygen through the blood. Studies have shown that Fe and Cu are directly related to hemoglobin synthesis (34). As shown in Table 8, the number of RBC, hemoglobin levels, and the hematocrit of laying hens fed MEFC (3.43 × 1012/L, 176 g/L, and 43.3%, respectively) were significantly higher than those of the control group (2.22 × 1012/L, 135 g/L, and 30%, respectively), indicating that supplementation of Fe, Cu, and other minerals via MEFC increased RBC and hemoglobin significantly better than inorganic mineral salts. This may be related to the fact that the Fe in MEFC was mainly Fe2+. Fermentation of MEFC creates an anaerobic environment, which protects Fe2+ from oxygen thus avoiding oxidation. In addition, the fermentation itself has good redox properties. It can reduce the oxidation of Fe3+ to Fe2+ and provides antioxidant protection on Fe2+. Therefore, feeding laying hens MEFC can enhance oxygen transport and prevent anemia.


TABLE 8    Effect of MEFC on blood routine and biochemical indexes of laying hens.
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Effect of mineral element fermentation complexes on biochemical indexes of laying hens

ALT and AST mainly exist in the cytoplasm and mitochondria of liver cells and are two important indexes of liver function. When the liver is damaged, cell membrane permeability and transaminase activity increase. The activity levels of ALT and AST were lower in the experimental group than in the control group; however, the difference in ALT between the two groups was not significant (Table 8), indicating that MEFC reduced the damage to the liver caused by mineral elements. Uric acid reflects protein metabolism in laying hens. The lower the uric acid content, the higher the protein metabolism and feed conversion rate. As shown in Table 8, the uric acid content in the experimental group (312.6 μmol/L) was lower than that in the control group (353.1 μmol/L), indicating that MEFC may increase protein metabolism. Mn can stimulate cholesterol synthesis, and Mn deficiency affects carbohydrate and lipid metabolism. The activity levels of enzymes related to lipid metabolism and glucose metabolism are regulated by Zn, and Zn supplementation can promote the metabolism and absorption of blood glucose and lipids. Abd El-Hack et al. (35) found that feeding zinc methionine chelate promoted lipid metabolism and absorption in laying hens. The blood glucose level was lower in the experimental group than in the control group, but the difference was not significant. TCHOL, HDL-C, and LDL-C levels were significantly higher in the experimental group than in the control group. These results indicated that MEFC promoted the absorption of Mn and Zn, as well as the metabolism and absorption of lipids and sugars.




Conclusion

The optimized conditions for fermentation complexation process developed in this study were as follows: mineral elements (with 4% CaCO3) were added after aerobic fermentation, and 15% wheat flour middling were added to the medium followed by 34°C, 5% inoculum size, and 11 days of fermentation. Under these conditions, the complexation rates of Ca, Fe, Cu, Mn, and Zn were 90.62, 97.24, 73.33, 94.64, and 95.93%, respectively. The small peptide, amino acid, and organic acid contents were 41.62%, 48.09 mg/g, and 183.53 mg/g, respectively. The Fe in MEFC was mainly ferrous ions. The fermentation had a good antioxidant effect on ferrous ions, and the antioxidant protection period was at least 60 days. The added minerals promoted microbial growth, protein degradation, and organic acid secretion and significantly improved fermentation efficiency. The animal experiments showed that MEFC had positive effects on production performance, mineral absorption, intestinal morphology, and blood routine and biochemical indexes of laying hens. This study combines fermentation and mineral element complexation to obtain fermentation complexes containing multiple complexation types, which makes it possible to efficiently supplement minerals for laying hens at low cost and provides important guidance for the development of mineral element fermentation complexes for laying hens.
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