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Abstract

:

This research explores the effects of fermented Myriophyllum aquaticum (F) and Lactobacillus plantarum BW2013 (G) as new feed additives on the gut microbiota composition and metabolic profile of mice. Crude protein (p = 0.045), lipid (p = 0.000), and ash (p = 0.006) contents in Myriophyllum aquaticum (N) were improved, whereas raw fiber (p = 0.031) content was decreased after solid-state fermentation by G. Mice were fed with no additive control (CK), 10%N (N), 10%N + G (NG), 10%F (F), and 10%F + G (FG). High-throughput sequencing results showed that, compared with the CK group, Parabacteroides goldsteinii was increased in treatment groups and that Lactobacillus delbrueckii, Bacteroides vulgatus, and Bacteroides coprocola were increased in the F and FG groups. Bacteroides vulgatus and Bacteroides coprocola were increased in the F group compared with the N group. Metabolomic results showed that vitamin A, myricetin, gallic acid, and luteolin were increased in the F group compared with the N group. Reduction in LPG 18:1 concentration in the N and F groups could be attenuated or even abolished by supplementation with G. Furthermore, 9-oxo-ODA was upregulated in the FG group compared with the F group. Collectively, N, F, and G have beneficial effects on gut microbiota and metabolic profile in mice, especially intake of FG.
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1. Introduction


Myriophyllum aquaticum is a heterophyllic amphibious aquatic plant species commonly found in streams, canals, and freshwater lakes [1]. M. aquaticum has strong reproductive ability and can be cultivated in most natural water bodies, particularly those enriched with nutrients commonly found in wastewater from pigs [2]. It has been shown that M. aquaticum can be used to treat wastewaters high in NH4+-N by absorbing nutrients [3]. However, M. aquaticum has a prominent population advantage when it is suitable for water habitat conditions, which is manifested in efficient reproduction. It can pose a threat to native aquatic species diversity and fauna composition by passing from non-invaded to invaded habitats [4]. Administration of this species can be quite expensive, and M. aquaticum can produce new plants by reproducing in its own waste [5]. Fortunately, M. aquaticum contains a high content of crude protein and crude fiber and is rich in essential amino acids and minerals [3]. Therefore, it can be used as an animal feed material or filler, which can not only effectively relieve the shortage of feed resources but also reduce its threat to native aquatic biodiversity.



Probiotics are active microorganisms that provide a benefit to their host by changing the composition of a certain part of gut microbiota [6]. Liu et al. reported that supplementation of Lactobacillus plantarum Y44 may have potential for alleviating lipid metabolism disorders and intestinal inflammation in association with modulating gut microbiota [7]. Furthermore, the nutritional quality of feed fermentation can be improved by using probiotics such as Lactobacillus [8,9]. L. plantarum is frequently used in the food and feed industries as an inoculant, which positively influences different quality parameters, such as pH value, organic acid, dry matter, and protein content in feed [10,11]. In addition, research has shown that food and animal feed fermented by probiotics have beneficial effects on the body, including stabilizing intestinal barrier function [12] as well as maintaining gut microbial balance [13]. Zhong et al. reported that probiotic-fermented blueberry juice may have anti-obesity and anti-hyperglycemia benefits by modulating the gut microbiota [14]. Intakes of kimchi fermented by L. plantarum PNU was shown to regulate metabolic parameters and colon health [15]. Therefore, fermentation by L. plantarum is not only a sustainable method for preserving food and feed but also a biotechnology that is increasingly used for improving the nutritional content of food and feed. Currently, M. aquaticum, a nutrient-rich plant with significant biomass, is used as an animal feed crude material [16]. However, low-cost roughage cannot be entirely utilized by animals [17], and the palatable flavours and potential health-promoting properties of plant-based fermented food and feed are increasing in popularity [18]. In this study, the L. plantarum BW2013 strain, extracted from fermented Chinese cabbage, was used as a starter culture for M. aquaticum solid-state fermentation in this study.



Analysing metabolites in a biological system is possible using metabolomics, a new method that delivers detailed quantitative profiles of metabolites [19]. Additionally, high-throughput sequencing can be used to determine changes in microbial community composition within the intestines. The application of these two methods can effectively evaluate the impact of feed on animal intestines. A study showed the effects of polysaccharides from fermented Momordica charantia L. with Lactobacillus plantarum NCU116 on gut microbiota and fecal metabolic profile in obese rats using the above two methods [20]. Being a novel candidate feed, the effects of fermented M. aquaticum and L. plantarum on the gut microbiota and metabolites of mice have not been fully elucidated. In this study, we determined the effect of M. aquaticum and L. plantarum BW2013, as a dietary supplement, on the distribution of gut microbiota and metabolites of mice.




2. Materials and Methods


2.1. Bacterial Cultures


The strain L. plantarum BW2013 (CGMCC NO.9462) used for solid-state fermentation was isolated from fermented Chinese cabbage. The strains were grown under anaerobic conditions in de Man–Rogosa–Sharpe (MRS, Beijing Land Bridge Technology Co., LTD., China) medium at 37 °C. The bacteria were incubated and grown to the maximum concentration in shaking flasks. For L. plantarum BW2013 strain cultures, a centrifuge with 8000× g was used for 15 min, followed by two phosphate-buffered saline (PBS) washings, and a suspension of 1 × 108 CFU/mL in PBS.




2.2. Solid-State Fermentation and Conditions Optimization


The M. aquaticum used in this study was supplied by the Institute of Subtropical Agriculture, Chinese Academy of Sciences. The washed M. aquaticum was dried to adjust its moisture content to 65%, and then cut into 1.0 ± 0.5 cm sections. The count of L. plantarum BW2013 inoculated in samples was about 1.0 × 108 CFU per g. The samples were then mixed with 6% (w/w) sucrose and anaerobically incubated at 30 °C and 35 °C. The pH value, dry matter, raw protein, and organic acid (lactic acid, acetic acid, propionic acid, and butyric acid) contents were measured in samples from 0–10 days (0 d, 1 d, 3 d, 5 d, 7 d, and 10 d). The contents of protein, raw fat, crude fiber, ash, phosphorus, and calcium were determined after the fresh M. aquaticum and fermented production were dried.



The pH value was determined using a pH meter (Sanxin, Shanghai, China). The dry matter was determined by oven drying at 105 °C for 16 h. The organic acids were determined in a L-3000 HPLC (RIGOL Co., LTD., Beijing, China) with an Shodex RSpak KC-811 column (8.0 mmI.D. × 300 mm) and a UV detector, using 210 nm as the determining wavelength. Separation was conducted using a gradient elution with two mobile phases at a flow rate of 1.0 mL/min at 50 °C. Samples were injected at a volume of 5.0 μL after filtration. Mobile phase A was 3 mM HClO4 and mobile phase B was methanol. Ammonia nitrogen (NH3-N) was determined by an indophenol blue method using a continuous flow chemistry analyzer [21].



After digestion with concentrated sulfuric acid, the total protein content of M. aquaticum was determined by the Kjeldahl procedure [22]. The Soxhlet extraction was used for raw fat extraction from samples [23]. Crude fiber is the loss on ignition of the dried residue remaining after digestion of the sample with 1.25% H2SO4 and 1.25% NaOH solutions under specific conditions [24]. The dried M. aquaticum were mineralized at 550 ± 25 °C for about 30 min and then weighed to determine the ash content. The phosphorus content of the ash was determined using molybdenum blue spectrophotometry [25]. To determine the calcium content, the ash was dissolved in HCl (50%) plus HNO3 (50%), filtered, and filled to volume (25 mL) with distilled water. Extracts were analysed by atomic absorption spectroscopy using an Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) [26].




2.3. Animal Experiment


Male ICR mice (4-week-old) were purchased from the Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). All mice were kept in a specific pathogen-free (SPF) facility in the National Health Food Function Testing Center of Beijing Union University and were allowed free access to food and water under a 12 h light cycle. After a 7-day adaptation period, sixty ICR mice were randomly assigned to 5 groups (12 for each group): the CK group (normal control group), the N group (10% M. aquaticum), the NG group (10% M. aquaticum + 2 × 109 CFU/mL/d L. plantarum BW2013), the F group (10% M. aquaticum fermentation products), and the FG group (10% M. aquaticum fermentation products + 2 × 109 CFU/mL/d L. plantarum BW2013). M. aquaticum and its fermentation products were added to the normal mouse feed at 10% addition. Mice in the FG and NG groups were intragastrically administered the same L. plantarum BW2013 during the whole experimental period. The weights of mice were recorded every week. All groups were treated for 5 weeks, and blood was collected from the eyeballs before slaughter. Centrifugation at 3000× g for 15 min collected a serum sample for measurement of alkaline phosphatase (ALP), aspartate aminotransferase (AST), creatinine (CRE), urea (UREA), cholesterol (CHO), and blood glucose (GLU) using an automatic biochemical analyzer (ACA, Hitachi Co., Ltd., Tokyo, Japan).




2.4. 16S rDNA Sequencing


The fecal DNA was extracted using the CTAB/SDS method. Concentration and integrity of extracted DNA were measured using agarose gel electrophoresis. Analysis of the data and sequences was performed by Beijing Novogene (Beijing, China). The 16S rRNA genes of distinct regions (16S V4) were amplified with specific primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The purified amplicons were pooled in equidensity ratios. Using the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, San Diego, CA, USA), sequencing libraries were prepared and index codes were added. Quality assessment of the library was conducted using a Qubit@ 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) and an Agilent Bioanalyzer 2100 system. Paired-end sequencing of the library was performed on the Illumina NovaSeq platform.



Uparse software (Uparse v7.0.1001, http://drive5.com/uparse/ (accessed on 19 January 2020)) was used to analyze sequences [27]. OTUs (Operational Taxonomic Units) cluster with 97% identity. The taxonomy of representative sequences was determined based on bacterial SILVA data sets [28]. QIIME (Version 1.7.0) and R software (Version 2.15.3) were used to calculate the alpha diversities (the indicators ACE and Shannon represent richness and diversity of intestinal bacterial, respectively). Based on weighted UniFrac distance metrics analysis, non-metric multi-dimensional scaling (NMDS) was performed to distinguish the individuals of the five groups. Weighted UniFrac were calculated by QIIME software (Version 1.9.1). Non-metric multi-dimensional scaling (NMDS) analysis was performed by the vegan package in R software (Version 2.15.3). Permutation tests were completed at each classification level (Phylum, Class, Order, Family, Genus, Species) using the R software (Version 1.9.1) to test differences in the gut microbiota of the mice and to obtain the p-value.




2.5. Metabolomics


One-hundred milligrams of liquid nitrogen-ground samples were placed in an Eppendorf tube. The homogenate was resuspended with 500 μL of prechilled 80% methanol and 0.1% formic acid by vortexing and shaking. The samples were incubated in an ice bath for 5 min and then were centrifuged at 15,000× g at a temperature of 4 °C for 5 min. The amount of supernatant was diluted with LC–MS grade water to a methanol concentration of 53%. Afterwards, the samples were transferred to a new Eppendorf tube and centrifuged for 10 min at 15,000× g, 4 °C. The supernatant was collected and injected into LC–MS for analysis. LC–MS/MS analyses were performed using a Vanquish UHPLC system (Thermo Fisher Scientific, Waltham, MA, USA) coupled with an Orbitrap Q Exactive series mass spectrometer (Thermo Fisher Scientific). A 16 min linear gradient flow rate of 0.2 mL/min was used to inject samples into a Hyperil Gold column (100 × 2.1 mm, 1.9 μm). Eluents A (0.1% FA in water) and B (methanol) were used for the positive polarity mode. Eluent A (5 mM ammonium acetate, pH 9.0) and eluent B (methanol) were used for the negative polarity mode. Solvent gradient: 2% B, 1.5 min; 2–100% B, 14.0 min; 100% B, 14.1 min; 100%–2% B, 14.1 min; 2% B, 17 min. The Q Exactive series mass spectrometer operated with 3.2 kV spray voltage, 320 °C capillary temperature, 35 arb sheath gas flow rate, and 10 arb aux gas flow rate. Analysis of the data followed the same approach as Cao et al. [29]. The metabolites with VIP > 1 and a p-value < 0.05 and fold change (FC) ≥ 1.5 or FC ≤ 0.6 were differentially expressed.




2.6. KEGG Pathways


KEGG database was used to study the functions of these metabolites and metabolic pathways. When the p-value of a metabolic pathway was less than 0.05, the metabolic pathway was considered to enrich differential metabolites with statistical significance.




2.7. Statistical Analysis


Statistical analyses were performed using SPSS software (Version 26). The results for the analysis of variance (ANOVA) were considered significant with p < 0.05.





3. Results and Discussion


3.1. Analysis of Solid-State Fermentation of M. aquaticum


The fermentation and nutritional quality of M. aquaticum were analysed. After fermentation, the stem and leaf structure of the fermented M. aquaticum in each group was complete; the colour was yellow-green, there was no mildew, no stickiness, a good texture, and an obvious sour fragrance. The three most essential indices of fermentation quality evaluation are pH, lactic acid content, and the ratio of ammonia nitrogen/total nitrogen (NH3-N/N) [10]. The changes in pH value, dry matter, crude protein, organic acid content, and NH3-N/N over the fermentation period are shown in Table 1. On the fifth day at 30 °C, the pH value (4.11) was lowest, so sustained fermentation by bacteria was achieved. As soon as the pH value exceeded 5.0, fermentation was considered to have failed [10]. The concentration of organic acid increased during fermentation. It can be concluded that the bacterium grew well on M. aquaticum and decreased the pH by secreting these types of organic acids in M. aquaticum. Protein from the fermentation substrate is converted into NH3-N by microorganisms, thus the value of NH3-N reflects the amount of protein decomposition during fermentation. Generally, a high-quality fermented feed should have a ratio of ammonia nitrogen (NH3-N) to total nitrogen (N) of less than 7 [10]. The contents of dry matter and crude protein were directly related to the nutritional quality of the fermented feed. Fermented feeds that had high dry matter and crude protein contents had better nutritional quality. As a result of the increased dry matter and crude protein, fewer nutrients were lost during fermentation. The higher dry matter contents were observed on the first day at 35 °C and the fifth day at 30 °C. The highest crude protein contents were observed on the fifth and seventh days at 30 °C. Complicated assessments involving multiple indices and different donations were generally processed by a weighted mean. The assessment score was calculated by the weighted mean [30]. Based on the highest score, the optimal fermentation conditions were as follows: fermentation at 30 °C for 5 days.



This study detected the major constituents and the mineral element (phosphorus and calcium) contents of M. aquaticum (fermented and non-fermented) (Table 2). A significantly higher proportion of crude proteins (p = 0.045), lipids (p = 0.000), and ash (p = 0.006) were found in fermented M. aquaticum than in non-fermented M. aquaticum. The raw fiber (p = 0.031) content dropped after fermentation from 13.20% to 11.20% (w/w). There is a possibility that fiber serves as a nutrient source for microbes. Raw fiber is associated with digestibility and feed intake, and reduction in raw fiber content could promote the feed intake of animals [11]. These results indicated that fermentation appears to have the ability to alter the nutritional composition of M. aquaticum.




3.2. Effects of Dietary Intervention on Serum Markers, Body Weight (BW), and Intestinal Length


Alkaline phosphatase (ALP) and aspartate aminotransferase (AST) were analysed to check for possible effects of the diets and/or probiotic supplementation on liver function. Meanwhile, creatinine (CRE) and urea (UREA) are related to kidney function. No significant differences were detected in the levels of AST, ALP, UREA, CRE, and cholesterol (CHO) among all groups. However, blood glucose (GLU) was significantly reduced in the NG and F groups compared with the CK group (Figure 1). BW of all experimental mice can give an overview of their overall health and provide a rough description of their physical condition. During the first 4 weeks of the study, all mice continued to gain weight. In the fifth week, BW was increased markedly in the F group compared with the N group (Figure 2a). The intestinal length of the mice was analysed to check for possible effects of the dietary interventions on the digestion and absorption capacity of the intestines. The results showed that the small intestine length of the mice increased slightly in the NG and FG groups compared with the CK group (Figure 2b). Therefore, it is possible to replace part of the mice feed with M. aquaticum and its fermentation products.




3.3. Effects of Dietary Intervention on Gut Microbiota in Mice


High-throughput sequencing analysis was performed to investigate the effect of M. aquaticum and L. plantarum BW2013 supplementation on gut microbiota composition in mice. α-diversity was measured using two metrics: the ACE index (Figure 2c) and the Shannon index (Figure 2d), which reflect community richness and species diversity, respectively, did not significantly change among the five groups. A beta diversity analysis of the gut microbiota discovered no significant changes among the five groups at OTU levels (Figure 2e). The NMDS plot of beta diversity showed clear separation of the CK and FG groups of mice based on their fecal microbiota (Figure 2f). Furthermore, the potential differences in the groups at week 5 were investigated through a MetaStat analysis. At the phylum level (Figure 3a–c), the relative abundance of Bacteroidetes was significantly increased in the NG, F, and FG groups (p = 0.023 for the NG group, p = 0.006 for the F group, and p = 0.011 for the FG group), whereas the relative abundance of Firmicutes was significantly decreased in the F and FG groups (p = 0.008 for the F group and p = 0.026 for the FG group) compared with the CK group. Meanwhile, Proteobacteria was significantly reduced in the FG group compared with the CK and F groups (p = 0.001 for the CK group and p = 0.035 for the F group). At the genus level (Figure 3d,e), the relative abundance of Faecalibacterium was significantly increased in the NG and F groups (p = 0.023 for the NG group and p = 0.006 for the F group) compared with the CK group, while the relative abundance of Parabacteroides was significantly increased in the FG group relative to the CK group. The relative abundance of Faecalibacterium was significantly increased in the NG and F groups compared with the N group (p < 0.001 for the NG group and p = 0.09 for the F group). However, the relative abundance of Faecalibacterium was reduced in the FG group compared with the F group (p = 0.023). At the species level (Figure 3f–i), the relative abundance of Parabacteroides goldsteinii was significantly increased in the N, NG, F, and FG groups when compared with the CK group (p = 0.015 for the N group, p = 0.002 for the NG group, p = 0.032 for the F group, and p < 0.001 for the FG group). The relative abundance of Lactobacillus delbrueckii was significantly increased in the F and FG groups when compared with the CK group (p = 0.044 for the F group and p = 0.006 for the FG group). The relative abundance of Bacteroides vulgatus and Bacteroides coprocola was significantly increased in the F (p = 0.004 for B. vulgatus and p = 0.020 for B. coprocola) and FG (p = 0.021 for B. vulgatus and p = 0.031 for B. coprocola) groups when compared with the CK group. In addition, compared with the N group, the relative abundances of B. vulgatus (p = 0.015) and B. coprocola (p = 0.020) were significantly increased in the F group.



The composition of gut microbiota in mice was improved after the treatment with M. aquaticum and L. plantarum BW2013 for 5 weeks. Firmicutes and Bacteroidetes were two dominant bacterial phyla which represented more than 90% of the total gut microbiome. Proteobacteria is a group of bacteria causing chronic colitis that are reported to have a low relative abundance in healthy individuals [31]. Faecalibacterium is a functionally important genus containing anti-inflammatory bacteria [32]. Bacteroides, Parabacteroides, and Faecalibacterium were the main genera responsible for donor engraftment in studies on fecal microbiota transplantation for Clostridium difficile infection [33]. P. goldsteinii is a novel probiotic bacterium with the potential to treat obesity as well as metabolic syndrome [34]. Probiotic L. delbrueckii could efficiently hydrolyze casein and modulate the intestinal immune system [35,36]. Moreover, treatment with live B. vulgatus and B. dorei may help prevent coronary artery disease by preventing microbial lipopolysaccharide synthesis [37]. It is believed that diet has an important impact on gut microbiota. Our results showed that different kinds and amounts of components in feed may affect gut microbiota differently. There have been multiple studies exploring the effects of different carbohydrate sources, especially fiber, on gut microbiota [38]. A higher abundance of Bacteroidetes and a lower abundance of Firmicutes were associated with a positive effect of fiber derived from apple in intestinal microbiota in obese rats [39]. Compared with the CK group, the relative abundances of Bacteroidetes, Faecalibacterium, L. delbrueckii, B. vulgatus, and B.coprocola in the F group increased, whereas a reduction in the relative abundance of Firmicutes was found in this study. In addition, P. goldsteinii was significantly increased in the N and F groups compared with the CK group. These results may be due to M. aquaticum and its fermented production, which contains a higher fiber content. Similarly, intake of kimchi increased the abundance of Faecalibacterium [15]. Bacteroides species could break down food to produce bioactive compounds and energy [40]. B. coprocola produces extracellular enzymes to help its host break down some polysaccharides in plants, including cellulose and hemicellulose [41]. We found that the relative abundances of Faecalibacterium, B. vulgatus, and B. coprocola were increased in the F group compared with the N group. Thus, L. plantarum BW2013 fermentation may help M. aquaticum in regulating the gut environment. A higher abundance of Faecalibacterium was associated with a strengthening of epithelial defense functions among piglets supplemented with L. plantarum ZLP001 [42]. The NG group had a higher level of Faecalibacterium than the N group. In contrast, the relative abundance of Faecalibacterium was higher in the F group compared to the FG group. Thus, the synergy effects of M. aquaticum and L. plantarum BW2013 should be explored. In contrast to the CK group, the relative abundances of Bacteroidetes, Faecalibacterium, P. goldsteinii, L. delbrueckii, B. vulgatus, and B. coprocola were increased, while the relative abundance of Firmicutes was decreased in the NG group. Meanwhile, the relative abundances of Bacteroidetes, Parabacteroides, P. goldsteinii, L. delbrueckii, B. vulgatus, and B. coprocola were increased, whereas the relative abundances of Firmicutes and Proteobacteria were decreased in the FG group. It is worth noting that the relative abundance of P. goldsteinii was increased in all treatment groups compared with the CK group. These results indicated that M. aquaticum, as a feed additive, has beneficial effects on gut microbiota in mice, especially intakes of fermented M. aquaticum and L. plantarum BW2013.




3.4. Effects of Dietary Intervention on Fecal Metabolites in Mice


Fecal samples were analyzed with untargeted metabolomics to further explore the effects of M. aquaticum and L. plantarum on the intestinal metabolic profile of mice. The PCA score plots showed a clear separation among the CK, N, NG, F, and FG groups (Figure 4). The supervised PLS-DA analysis showed differences in fecal metabolic characteristics between each of the two comparison groups (Figure 5). These results suggested that M. aquaticum and L. plantarum BW2013 intervention significantly affected the fecal metabolic profile in mice. Individual metabolite analysis identified nine significantly changed fecal metabolites: L-aspartate, L-threonine, vitamin A, myricetin, gallic acid, luteolin, lysophosphatidylglycerol 18:1 (LPG (18:1)), and 9-oxo-10,12-octadecadienoic acid (9-oxo-ODA) (Table 3). L-aspartic acid, L-threonine, vitamin A, myricetin, gallic acid, and luteolin were significantly upregulated in all treatment groups compared with the CK group. The F group showed significantly higher levels of vitamin A, myricetin, gallic acid, and luteolin than the N group. LPG (18:1) was downregulated in the N and F groups. However, LPG (18:1) was significantly upregulated in the NG group compared with the N group. Additionally, LPG (18:1) was significantly upregulated in the FG group compared with the F group. Furthermore, 9-oxo-ODA was upregulated in the FG group compared with the F group.



L-aspartic acid and L-threonine metabolites are converted from ingested dietary protein and endogenous protein by intestinal microbes [43]. L-aspartic acid is one major fuel in the intestine that yields ATP for enterocytes, protecting the intestinal barrier from lipopolysaccharide damage [44]. An increased level of threonine could also lead to an increase in mucin synthesis, which strengthens the interaction between microbiota and the metabolome on the surface of the small intestine for more efficient gut function and immune development [45]. Vitamin A is converted from dietary proteinoid carotenoids, which may play a role in regulating gut microbiota composition, relieving inflammation and enhancing the intestinal epithelial barrier in necrotizing enterocolitis [46]. Myricetin, gallic acid, and luteolin belong to the polyphenol famliy, and are bioactive compounds found in fruits and vegetables. Myricetin exhibits therapeutic effects against many diseases, including cancers of different types, inflammatory diseases, atherosclerosis, thrombosis, cerebral ischemia, diabetes, Alzheimer’s disease, and pathogenic bacterial infections [47]. The beneficial effects of gallic acid can be observed in cardiovascular protection, immune regulation, and gastrointestinal protection [48]. Luteolin is a flavonoid found in plants and may improve intestinal dysbiosis by inhibiting α-glucosidase. Luteolin has shown anti-cancer activity in cancer cell lines and in vivo models [49,50]. Notably, relative quantities of vitamin A, myricetin, gallic acid, and luteolin were upregulated in the F group compared with the N group. It is possible that the more favorable results found in the F group of our study might be due to the fermented M. aquaticum. Furthermore, LPG 18:1 was upregulated in the NG group compared with the N group. Similar results were found in the FG group compared with the F group. LPG, a lysophospholipid, was found to be important in some physiological processes [51]. Ye et al. reported that reduction in LPG in oleate-treated macrophages could be attenuated or even abolished by WY-14643 and/or pioglitazone treatment (two drugs used to treat metabolic diseases) [52]. In this study, LPG (18:1) was significantly downregulated in the N and F groups compared with the CK group. However, LPG (18:1) was upregulated in the NG group compared with the N group and in the FG group compared with the F group. It is suggested that reduction in LPG concentration in the N and F groups could be attenuated or even abolished by supplementation with L. plantarum BW2013. In addition, 9-oxo-ODA was upregulated in the FG group compared with the F group. As a PPARα agonist, 9-oxo-ODA could promote fatty acid oxidation to consequently inhibit triglyceride accumulation [53]. Therefore, four dietary interventions may have potential for intestinal protection as well as anti-inflammatory and anti-cancer benefits. Intakes of fermented M. aquaticum may be more efficient than M. aquaticum with respect to anti-inflammatory, anti-cancer, and intestinal protection by regulating vitamin A, myricetin, gallic acid, and luteolin favorably. Intakes of M. aquaticum and L. plantarum BW2013 may be more efficient than M. aquaticum in metabolic balance by regulating LPG (18:1). Similarly, intakes of fermented M. aquaticum and L. plantarum BW2013 may be more efficient than fermented M. aquaticum in metabolic balance by regulating LPG (18:1). In addition, intakes of fermented M. aquaticum and L. plantarum BW2013 may be more efficient than fermented M. aquaticum in anti-obesity by regulating 9-oxo-ODA.




3.5. The Correlation of Gut Microbiota and Fecal Metabolites


Biochemical metabolic pathways involved in differential metabolites can be identified using KEGG pathway enrichment analysis. The top five enriched pathways were identified by KEGG pathway analysis between each group pairing. The N, NG, F, and FG groups displayed significantly higher enrichment of one, one, three, and four pathways, respectively, compared to the CK group (Figure 6). Pathway enrichment analysis showed that the pathway “Histidine metabolism” was enriched with statistical significance in the N group (p < 0.05); “Histidine metabolism” was enriched with statistical significance in the NG group (p < 0.05); “Porphyrin and chlorophyll metabolism”, “Aminobenzoate degradation”, and “Monobactam biosynthesis” were enriched with statistical significance in the F group (p < 0.05); “Taurine and hypotaurine metabolism”, “Porphyrin and chlorophyll metabolism”, “Glycine, serine, and threonine metabolism”, and “Histidine metabolism” were enriched with statistical significance in the FG group (p < 0.05) compared with the CK group. Moreover, “Biosynthesis of unsaturated fatty acids” was significantly enriched in the F group compared with the N group (p < 0.05). “Nitrotoluene degradation”, “Sulfur relay system”, “Degradation of aromatic compounds”, and “Tyrosine metabolism” were significantly enriched in the NG group compared with the N group (p < 0.05). “Arginine and proline metabolism” was significantly enriched in the FG group compared with the F group (p < 0.05) (Figure 7).



The correlation between gut microbiota and fecal metabolites is helpful in explaining the close relationship between gut microbiota and hosts. Spearman correlation analysis (Figure 8) showed that the change in P. goldsteinii was positively associated with changes in vitamin A (r = 0.60, p = 0.038), myricetin (r = 0.59, p = 0.043), gallic acid (r = 0.58, p = 0.046), and luteolin (r = 0.70, p = 0.012) contents in the N group compared with the CK group. The change in P. goldsteinii was positively associated with change in myricetin (r = 0.83, p < 0.001), gallic acid (r = 0.85, p < 0.001), and luteolin (r = 0.59, p = 0.045) in the NG group compared with the CK group. The change in P. goldsteinii was positively associated with change in vitamin A (r = 0.84, p < 0.001); the change in L. delbrueckii was positively associated with change in vitamin A (r = 0.74, p = 0.006), myricetin (r = 0.58, p = 0.048), gallic acid (r = 0.83, p < 0.001), and luteolin (r = 0.81, p = 0.001); and the change in B. vulgatus was positively associated with change in vitamin A (r = 0.66, p = 0.021) and luteolin (r = 0.83, p < 0.001) in the F group compared with the CK group. The change in P. goldsteinii was positively associated with change in L-threonine (r = 0.70, p = 0.011), vitamin A (r = 0.86, p < 0.001), myricetin (r = 0.72, p = 0.008), gallic acid (r = 0.76, p = 0.004), and luteolin (r = 0.72, p = 0.008); the change in L. delbrueckii was positively associated with the change in L-aspartate (r = 0.71, p = 0.010) and vitamin A (r = 0.62, p = 0.032); and the change in B. vulgatus was positively associated with change in vitamin A (r = 0.60, p = 0.039) in the FG group compared with the CK group.



According to the current situation with regard to basic metabolism, intestinal microbiota were able to enhance nutrient uptake in the four treatment groups, in contrast with the CK group. However, different treatments would cause different results. “Histidine metabolism” and “Glycine, serine, and threonine metabolism” belong to amino acid metabolism. As a result of increased amino acid metabolism, the capacity for protein digestion and absorption was enhanced, greatly contributing to basic growth metabolism [54]. Our results showed that, compared with the CK group, F increased gallic acid significantly. Gallic acid showed a positive correlation with L. delbrueckii and was involved in aminobenzoate degradation. Therefore, F might regulate aminobenzoate degradation by mediating L. delbrueckii. Compared with the CK group, L-threonine and L-aspartate were significantly increased in the FG group. L-threonine was positively associated with P. goldsteinii and involved in “Porphyrin and chlorophyll metabolism” and “Glycine, serine, and threonine metabolism”. L-aspartate was positively associated with L. delbrueckii and involved in “Histidine metabolism” and “Glycine, serine, and threonine metabolism”. Therefore, FG might regulate “Porphyrin and chlorophyll metabolism” and “Glycine, serine, and threonine metabolism” by mediating P. goldsteinii as well as regulating “Histidine metabolism” and “Glycine, serine, and threonine metabolism” by mediating L. delbrueckii.





4. Conclusions


In conclusion, the quality of M. aquaticum as a feed additive was improved by L. plantarum BW2013 solid-state fermentation. High-throughput sequencing and metabolomic results showed that M. aquaticum and L. plantarum BW2013, as new feed additives, could promote the intestinal health of mice by modulating microbiota composition and regulating fecal metabolic profiles. Intakes of fermented M. aquaticum and L. plantarum BW2013, especially, may have potential for intestinal protection as well as anti-inflammatory, anti-obesity, and anti-cancer benefits by increasing populations of beneficial microorganisms (Parabacteroides, P. goldsteinii, L. delbrueckii, B.vulgatus, and B.coprocola) and decreasing populations of harmful microorganisms (Proteobacteria). Meanwhile, FG might regulate “Porphyrin and chlorophyll metabolism” and “Glycine, serine, and threonine metabolism” by mediating P. goldsteinii as well as regulating “Histidine metabolism” and “Glycine, serine, and threonine metabolism” by mediating L. delbrueckii. Moreover, the correlation analysis of gut microbiota and metabolites showed that P. goldsteinii has a positive correlation with L-threonine, vitamin A, myricetin, gallic acid, and luteolin; L. delbrueckii has a positive correlation with L-aspartate and vitamin A; and B. vulgatus has a positive correlation with vitamin A. This study could be used as a reference for future developments of beneficial feed additives for animals. Future work may include safety assessments of M. aquaticum for humans.




5. Patents


There is a patent (202111462076.2, China) resulting from the work reported in this manuscript.
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Figure 1. (a–f) Effects of dietary intervention on serum markers. * Indicates statistical significance at p < 0.05. 
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Figure 2. Changes in weight (a) and intestinal length (b) in the mice. Alpha diversity index of gut microbiota in mice: (c) ACE index; (d) Shannon index. Changes in global gut microbiota after intervention in each group: (e) Beta diversity on weighted UniFrac. (f) NMDS score plot based on Bray–Curtis distance at the operational taxonomic unit (OTU) level. Stress < 2 means that NMDS can accurately reflect the degree of difference between groups. 
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Figure 3. Changes in the relative abundance of individual phyla (a–c), genera (d,e), and species (f–i) among groups. * Indicates statistical significance at p < 0.05. ** Indicates statistical significance at p < 0.01. 
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Figure 4. PCA score plots for the CK, F, FG, N, and NG groups in positive (a) and negative (b) mode. 
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Figure 5. PLS-DA score plots comparing the fecal metabolites between group pairings. R2Y and Q2Y represent the interpretation rate and predictive ability of the PLS-DA model. Higher R2Y than Q2Y values indicate that the PLS–DA model is stable. 
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Figure 6. KEGG pathways enrichment integrative analysis between groups: (a) N vs. CK; (b) NG vs. CK; (c) F vs. CK; (d) FG vs. CK. 
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Figure 7. KEGG pathways enrichment integrative analysis between groups: (a) F vs. N; (b) NG vs. N; (c) FG vs. G. 
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Figure 8. Significant associations between changes in metabolites and changes in abundance of species as measured by Spearman correlations: (a) N vs. CK; (b) NG vs. CK; (c) F vs. CK; (d) FG vs. CK. 
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Table 1. Fermentation quality of M. aquaticum.






Table 1. Fermentation quality of M. aquaticum.





	
Fermentation Conditions

	
pH

	
Lactic Acid (μg/mL)

	
Acetic Acid (μg/mL)

	
Propionic Acid (μg/mL)

	
Dry Matter (g/30 g)

	
Crude Protein (%)

	
NH3-N/N (%)

	
Score






	
0 d

	
30 °C

	
5.56 ± 0.04 a

	
0.11 ± 0.01 b

	
43.7 ± 2.78 e

	
1.84 ± 0.12 b

	
8.44 ± 0.15 ab

	
21.6 ± 0.38 ab

	
3.30 ± 0.17 c

	
00.0




	
35 °C

	
5.56 ± 0.04 a

	
0.11 ± 0.01 b

	
43.7 ± 2.78 e

	
1.84 ± 0.12 b

	
8.44 ± 0.15 ab

	
21.6 ± 0.38 ab

	
3.30 ± 0.17 c

	
00.0




	
1 d

	
30 °C

	
5.05 ± 0.02 b

	
0.42 ± 0.05 b

	
61.5 ± 9.70 cde

	
2.06 ± 0.17 ab

	
8.53 ± 0.12 ab

	
21.8 ± 0.51 ab

	
4.56 ± 0.32 bc

	
40.0




	
35 °C

	
5.08 ± 0.03 b

	
0.42 ± 0.01 b

	
51.9 ± 2.06 de

	
2.20 ± 0.31 ab

	
9.71 ± 0.94 a

	
22.2 ± 0.90 ab

	
4.68 ± 0.56 bc

	
53.0




	
3 d

	
30 °C

	
4.34 ± 0.03 d

	
1.09 ±0.35 a

	
85.4 ± 23.7 bcd

	
2.53 ± 0.87 ab

	
8.26 ± 0.49 b

	
21.0 ± 0.40 ab

	
5.38 ± 0.12 ab

	
56.9




	
35 °C

	
4.26 ± 0.03 d

	
1.13 ± 0.10 a

	
92.0 ± 17.4 bc

	
2.31 ± 0.13 ab

	
8.48 ± 0.34 ab

	
21.8 ± 0.90 ab

	
5.69 ± 0.61 ab

	
59.1




	
5 d

	
30 °C

	
4.11 ± 0.03 e

	
1.11 ± 0.10 a

	
110 ± 16.8 ab

	
2.37 ± 0.16 ab

	
9.18 ± 0.52 ab

	
22.3 ± 0.40 a

	
5.60 ± 0.37 ab

	
76.4




	
35 °C

	
4.22 ± 0.03 d

	
1.16 ± 0.10 a

	
94.8 ± 6.20 bc

	
2.44 ± 0.47 ab

	
8.40 ± 0.25 ab

	
20.0 ± 0.75 b

	
6.70 ± 0.33 a

	
55.3




	
7 d

	
30 °C

	
4.43 ± 0.03 c

	
1.24 ± 0.10 a

	
114 ± 17.1 ab

	
2.57 ± 0.35 ab

	
8.70 ± 0.33 ab

	
22.3 ± 0.78 a

	
5.53 ± 1.41 ab

	
73.0




	
35 °C

	
4.42 ± 0.04 c

	
1.22 ± 0.10 a

	
117 ± 12.2 ab

	
2.98 ± 0.48 a

	
8.44 ± 0.34 ab

	
21.3 ± 0.97 ab

	
6.96 ± 0.52 a

	
60.3




	
10 d

	
30 °C

	
4.45 ± 0.03 c

	
1.08 ± 0.04 a

	
135 ± 14.0 a

	
2.82 ± 0.30 ab

	
8.73 ± 0.78 ab

	
21.5 ± 0.42 ab

	
6.90 ± 0.07 a

	
60.4




	
35 °C

	
4.46 ± 0.03 c

	
1.24 ± 0.04 a

	
134 ± 12.0 a

	
2.52 ± 0.23 ab

	
8.99 ± 0.60 ab

	
21.2 ± 1.22 ab

	
6.91 ± 1.14 a

	
62.3








a–e Means with different superscripts within the same row differ based on Tukey’s test (p < 0.05).
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Table 2. Nutritional components of M. aquaticum and its fermentation products.






Table 2. Nutritional components of M. aquaticum and its fermentation products.





	
Analysis

	
NFM

	
FM

	
Trends

	
p-Value




	
Values Shown Per 100 g






	
Crude protein

	
18.1 ± 1.20 g

	
20.5 ± 0.80 g

	
↑ 13.3%

	
0.045 *




	
Lipids

	
3.00 ± 0.14 g

	
4.60 ± 0.22 g

	
↑ 53.3%

	
0.000 **




	
Ash

	
12.4 ± 0.90 g

	
15.9 ± 0.72 g

	
↑ 28.2%

	
0.006 **




	
Raw Fiber

	
13.2 ± 0.80%

	
11.2 ± 0.70%

	
↓ 15.2%

	
0.031 *




	
Phosphorus

	
653 ± 6.00 mg

	
657 ± 4.00 mg

	
↑ <0.01%

	
0.391




	
Calcium

	
2.07 ± 0.03 g

	
2.09 ± 0.04 g

	
↑ <0.01%

	
0.510








* Indicates statistical significance at p < 0.05. ** Indicates statistical significance at p < 0.01.
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Table 3. Fold changes (FCs) in differential metabolites in mice after five weeks of feeding.






Table 3. Fold changes (FCs) in differential metabolites in mice after five weeks of feeding.





	
No.

	
Metabolites

	
Group N-CK

	
Group NG-CK

	
Group F-CK

	
Group FG-CK

	
Group F-N

	
Group NG-N

	
Group FG-F




	
FC

	
Sig.

	
FC

	
Sig.

	
FC

	
Sig.

	
FC

	
Sig.

	
FC

	
Sig.

	
FC

	
Sig.

	
FC

	
Sig.






	
1

	
L-Aspartate

	
2.01

	
0.04

	
2.10

	
0.04

	
2.06

	
0.04

	
2.09

	
0.03

	
1.02

	
ns

	
1.04

	
ns

	
1.02

	
ns




	
2

	
L-Threonine

	
2.45

	
0.01

	
1.96

	
0.03

	
2.28

	
0.02

	
2.74

	
0.01

	
0.93

	
ns

	
0.80

	
ns

	
0.83

	
ns




	
3

	
Vitamin A

	
3.50

	
<0.01

	
4.53

	
<0.01

	
86.4

	
<0.01

	
10.35

	
<0.01

	
24.7

	
0.03

	
1.30

	
ns

	
8.35

	
ns




	
4

	
Myricetin

	
3.43

	
0.01

	
6.39

	
<0.01

	
73.2

	
<0.01

	
97.5

	
<0.01

	
21.3

	
<0.01

	
1.86

	
ns

	
0.75

	
ns




	
5

	
Gallic acid

	
3.23

	
<0.01

	
5.56

	
<0.01

	
16.7

	
<0.01

	
9.09

	
<0.01

	
5.16

	
0.03

	
1.72

	
ns

	
0.54

	
ns




	
6

	
Luteolin

	
4.21

	
<0.01

	
5.03

	
<0.01

	
9.49

	
<0.01

	
8.70

	
<0.01

	
2.26

	
0.03

	
1.19

	
ns

	
1.09

	
ns




	
7

	
LPG 18:1

	
0.31

	
0.02

	
0.52

	
ns

	
0.18

	
<0.01

	
0.81

	
ns

	
0.60

	
ns

	
1.70

	
0.02

	
4.46

	
<0.01




	
8

	
9-oxo-ODA

	
1.01

	
ns

	
0.70

	
ns

	
0.72

	
ns

	
1.12

	
ns

	
0.71

	
ns

	
0.69

	
ns

	
1.56

	
0.049








ns: no significance.
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