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Abstract

:

Aspergillus-derived protease and lipase, which are involved in the production of Aspergillus-fermented foods, are consumed as digestive enzyme supplements. A marked bifidogenic effect of supplemental Aspergillus protease preparation (AP) in rats fed with a high-fat diet was identified. This study was conducted to examine whether the consumption of Aspergillus-derived lipase exerts similar bifidogenic effect. Rats were fed diets supplemented with either an Aspergillus-derived lipase preparation (AL) or AP at 0.1% for two weeks. 16S rRNA gene sequencing analysis indicated that supplemental AL and AP markedly influenced cecal microbial community. At the phylum level, treatment with AL and AP resulted in a lower relative abundance of Firmicutes and Bacteroidetes, but a higher relative abundance of Actinobacteria and Proteobacteria than the control rats (p < 0.05). At the genus level, AL and AP remarkedly elevated the relative abundances of Bifidobacterium, Collinsella, and Enterococcus, but significantly reduced those of Oscillospira, Dorea, and Coprobacillus (p < 0.05). These modulations were similar to those reported by several studies with typical prebiotic oligosaccharides. Notably, the bifidogenic effect of AL was much greater than that of AP. Our results show that the two different Aspergillus-derived preparations, AL and AP, have strong bifidogenic effects and can change the microbiota’s composition.
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1. Introduction


The gut microbiota has recently received increasing attention due to its important roles in host metabolism, physiology, and immune system development. Among many environmental factors, diet is considered a key factor influencing the composition and function of the gut microbiota [1]. For instance, a western diet, characterized by high-fat and low dietary fiber, affects the gut microbiota’s composition and causes gut bacterial dysbiosis. Furthermore, an altered gut microbiota is associated with system inflammation and higher incidence of chronic diseases, such as inflammatory bowel disease (IBD), cardiovascular disease, and diabetes [2]. However, increasing evidence indicates that dietary intervention and particular prebiotics supplementation, can reverse high-fat-induced gut dysbiosis. Short-chain nondigestible carbohydrates, such as fructooligosaccharides (FOS, an inulin-type fructan), and galactooligosaccharides (GOS) are well-known prebiotics that can increase populations of certain beneficial bacteria, typically Bifidobacterium and Lactobacillus species [3]. By modulating imbalances in the gut microbiota, prebiotics have been shown to promote gut health and decrease the risk of bowel and systemic diseases [4,5].



The fungi genus Aspergillus contains many species found in various ecological niches. Some nonpathogenic species, such as Aspergillus oryzae and A. niger, have a long history of application in food fermentation industries in Japan. During Aspergillus-associated fermentation, extracellular hydrolytic enzymes, such as proteases, α-amylases, and lipases, are released into the reaction system. They are responsible for the fermentation and release of umami and flavor substances [6,7]. Extracted Aspergillus enzymes, such as proteases and lipases, have also been used in food processing [7]. Commercially available digestive supplements containing proteases, α-amylases, and lipases derived from microbial species have been manufactured to treat insufficient food digestion [8]. A previous study of ours found that dietary supplementation with A. oryzae-derived protease preparation (AP) and the purified acid protease markedly elevated cecal Bifidobacterium spp. levels in rats fed a high-fat (HF) diet [9,10,11]. Cecal levels of organic acids and fecal levels of immunoglobulin A (IgA) and mucins were also increased by AP consumption, whereas pH in the cecal contents was significantly decreased [9]. The increased abundance of Bifidobacterium spp. in the presence of Aspergillus protease has been proposed to be mediated by the increased availability of free amino acids following hydrolysis of undigested proteins in the large intestine [11]. Recently, preliminary investigations into the bifidogenic effects of several digestive enzyme preparations for lipids and carbohydrates derived from Aspergillus spp. have been completed. Results of the quantitative polymerase chain reaction (qPCR) analysis indicated a striking increase in cecal abundance of Bifidobacterium spp. in rats following treatment with Aspergillus-derived lipase preparation (AL). To our knowledge, there is limited information on how dietary exogenous lipase supplementation modulates the gut environment. It was hypothesized that dietary supplemental AL would exert bifidogenic effects in a manner similar to that of the AP. Thus, this study examines the effect of AL on the gut microbiota and compares those with the effects of AP in rats fed a HF diet. The study was conducted using rats fed with HF diet since HF diet-induced colon dysbiosis, inflammation, and diseases have been reported to be suppressed by dietary prebiotic oligosaccharides [12].




2. Materials and Methods


2.1. Animals and Diets


Twenty-three male Sprague Dawley rats (four weeks old) were purchased from Charles River Japan. The rats were individually housed in cages in a controlled temperature environment (23 ± 2 °C), 12 h light-dark cycle, and relative humidity of 50–60%. The experimental animals were acclimatized for 7 days and then randomly divided into the following three groups based on their diet: HF diet (Ctrl: Control, Table S1; eight rats) [9]; HF diet + 0.1%(w/w) A. niger-derived lipase preparation (AL: Lipase AP12, lipase activity at pH 6.0, 60,000 U/g; Amano Enzyme Inc. Nagoya, Japan; eight rats), and HF diet + 0.1%(w/w) A. oryzae-derived protease preparation (AP: Protease A “Amano” SD, protease activity at pH 6.0, 100,000 U/g; Amano Enzyme Inc. Nagoya, Japan; seven rats). For two weeks, equal amounts of the experimental diets were given daily in food cups at 18:00 h (9, 10, 12, 14, and 15 g on days 1, 2–4, 5–7, 8–12, and 13–14, respectively) to prevent differences in food intake. All diets were consumed daily. The rats had ad libitum access to fresh water. The study protocols (protocol identical No. C15-12) were approved by the Ethics Committee of the Hiroshima University.




2.2. Sample Collection


At the end of the two-week treatment period, the rats were anesthetized (13:00–15:00 h) by inhalation of isoflurane in a desiccator to minimize suffering, and then euthanized by decapitation. The cecum was immediately excised, and its contents were completely removed weighed, and stored at −80 °C until subsequent analysis of cecal microbiota and organic acids.




2.3. 16S rRNA Gene-Based Microbiome Analysis


Total bacterial DNA in cecal contents was extracted using the QIAamp Stool Mini Kit according to the manufacturer’s instructions (QIAGEN, Hilden, Germany). Then, extracted bacterial DNA was quantified using NanoDrop spectrometry (NanoDrop Technology, Wilmington, DL, USA). The V1–V2 region of the 16S rRNA genes was amplified from the DNA isolated from cecal contents using the following bacterial universal primer set: 27F (5′-ACACTCTTTCCCTACACGACGCTCTTCCGATCTAGRGTTTGATYMTGGCTCAG-3′) and 338R(5′-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTGCTGCCTCCCGTAGGAGT-3′). The following library preparation was performed as described previously [13]. Finally, all the barcoded V1–V2 PCR amplicons were sequenced using Illumina MiSeq sequencing technology at a read length of 2 × 300 bp based on the manufacturer’s instructions (Illumina, San Diego, CA, USA).




2.4. Bioinformatics Analysis


First, fast-length adjustment of short reads (v.1.2.11) [14] was used to assemble the paired-end reads. Assembled reads with an average 𝑄-value < 25 were filtered out using an in-house script. The same numbers of filtered reads were randomly selected from each sample and used for further analysis. The selected reads were then processed using QIIME pipeline (ver. 1.9.1). The high-quality sequences were clustered into operational taxonomic units (OTUs) at 97% sequence similarity, and OTUs were assigned to the Greengenes database.




2.5. Analysis of Cecal Organic Acids


The concentrations of organic acids in cecal contents were measured by gas chromatography/mass spectrometry as previously described [15].




2.6. Data Analysis


Data are expressed as mean ± standard error or boxplots with minimum, maximum and median. Statistical analysis was performed using one-way analysis of variance (ANOVA) and Tukey–Kramer HSD test (Figures 1 and 3–5). The data separation in the principal coordinate analysis ordination of beta-diversity was conducted by the PERMANOVA permutation-based statistical test in vegan package of R, and p-values were generated based on 999 permutations (Figure 1). Some bacterial taxa data were subjected to linear discriminant analysis effect size (LEfSe) analysis, which uses the two-tailed nonparametric Kruskal–Wallis test to evaluate the significance of differences between taxa (Figure 2). p < 0.05 was considered to indicate a statistically significant different. For the relationship between organic acids and microbiota composition, Pearson’s correlation coefficient (r) was calculated, and the resulting correlation matrix was visualized by using R software (ver. 4.0.2) (Figure S1).




2.7. Evaluation of the Risk of Bias in the Methodology


The risk of bias of this study was assessed using the Systematic Review Centre for Laboratory Animal Experimentation (SYRCLE) risk of bias (RoB) tool [16]. Two independent authors (YY and NK) evaluated the following nine items: (1) sequence generation, (2) baseline characteristics, (3) allocation concealment, (4) random housing, (5) intervention blinding, (6) random outcome assessment, (7) outcome blinding, (8) incomplete outcome data, and (9) selective outcome reporting. All items were judged as ‘yes’ (low risk of bias) by two authors (YY and NK) independently.





3. Results


3.1. Food intake, Body Weight, and Cecal Content Weight


Total food intake for the two-week experimental period and final body weight were unaffected by dietary treatment (data not shown, p > 0.05). The AP and AL groups significantly increased in the weight of cecal contents compared to the Ctrl group (4.72 ± 0.39 g, 3.53 ± 0.36 g, and 1.44 ± 0.06 g, respectively, p < 0.05, Tukey–Kramer HSD test).




3.2. Cecal Microbiota


For microbiota analysis by 16S rRNA gene sequencing, a total of 790,645 high-quality reads were passed using the QIIME filter. Unweighted and weighted UniFrac PCoA and PERMANOVA analyses were conducted to compare the microbial structure. The results of UniFrac PCoA and PERMANOVA analyses indicated that the microbial composition differed between the Ctrl and AL groups and between the Ctrl and AP groups (in both unweighted and weighted) (Figure 1A,B, p < 0.05). However, the different alpha-diversity indices indicated a higher bacterial diversity in the Ctrl group than in the AL and AP groups (Figure 1C–E, p < 0.05).



LEfSe analysis results indicated that 45 bacterial taxa differed between the Ctrl and AL groups (Figure 2A, p < 0.05), whereas 39 taxa varied between the Ctrl and AP groups (Figure 2B, p < 0.05). This analysis identified the phylum Proteobacteria, Actinobacteria, Bacteroidetes, and Firmicute differed between the Ctrl and AL groups and between the Ctrl and AP groups. This analysis further identified bacterial species Collinsella, Lactobacillus, Bifidobacterium, Eggerthella, Enterococcus, Dehalobacterium, Coprobacillus, Dorea, Akkermansia, Adlercreutzia, rc4_4, Oscipillospira, Coprococcus, Allobaculum, Ruminococcus, Holdemania, Roseburia, and Parabacteroides varied between the Ctrl and AL groups and between the Ctrl and AP groups.



At the phylum level (Figure 3A), the relative abundances of Bacteroidetes and Firmicutes were significantly decreased by treatment with AL and AP, while the relative abundances of Proteobacteria and Actinobacteria were markedly increased, compared to Ctrl (p < 0.05, Tukey–Kramer HSD test). There was no difference in the phylum levels such as Bacteroides, Firmicute, Proteobaceria, and Actinobacteria between the AL and AP groups (p > 0.05). These changes were shown at the family level (Figure 3B), with significant decreases in the relative abundances of Clostridiaceae (phylum: Firmicute), Ruminococcaceae (phylum: Firmicute) and Porphyromonadaceae (phylum: Bacteroides), and significant increases in the relative abundances of Enterobacteriaceae (phylum: Proteobacteria), Coriobacteriaceae (phylum: Actinobacteria) and Bifidobacteriaceae (phylum: Actinobacteria) (p < 0.05, Tukey–Kramer HSD test). The levels of Lachnospiraceae (phylum: Firmicute) in the AL group were significantly lower than those in other groups (p < 0.05). The levels of Lactobacillaceae were unaffected (p > 0.05).



At the genus level (Figure 4), AL and AP treatments strikingly increased the relative abundances of Bifidobacterium (family: Bifidobacteriaceae) by 120- and 43-fold on average, respectively, and Collinsella (family: Coriobacteriaceae) by 279- and 609-fold on average, respectively (p < 0.05). The levels of Enterococcus (family: Enteroccaceae) were also significantly increased by dietary AL and AP (50- and 51-fold on average, respectively, p < 0.05) (Figure 4). The relative abundances of Parabacteroides (family: Porphyromonadaceae), Allobaculum (family: Erysipelotrichaceae), Oscillospira (family: Ruminococcaceae), and Dorea (family: Lachnospiraceae) were significantly lower in the AL and AP groups (p < 0.05). Coprobacillus (family: Erysipelotrichaceae) was detected in all the Ctrl rats, but not detectable in the AL and AP rats. A significant increase in the Bifidobacterium counts by AL and AP was also observed when expressed as the copy numbers per g wet weight of cecal contents and per total cecal contents (qPCR analysis, data not shown). The relative abundances of Lactobacillus species were not affected by dietary treatment (p > 0.05). The relative abundances of Bifidobacterium in the AL group were much higher than those in the AP group (p < 0.05), while those of Collinsella in the AL group were significantly lower than those in the AP group (p < 0.05) (Figure 4). Treatment with AL and AP had no significant effect on other genus levels such as Eggerthella, Mucispirillum, Staphylococcus, Lactococcus, Turicibacter, Clostridium, Blautia, Coprococcus, Roseburia, Ruminococcus, rc4-4, Anaerotruncus, and Eubacterium (data not shown). The genera with a mean relative abundance < 0.2% in all groups were not considered for statistical analysis.




3.3. Cecal Organic Acids


Figure 5 indicates the concentrations of cecal organic acids. Treatment with AL and AP markedly increased the concentrations of lactate (164- and 144-fold on average, respectively), but significantly decreased those of acetate (2.0- and 2.1-fold on average, respectively, propionate (50- and 25-fold on average, respectively), and butyrate (10- and 5.4-fold on average, respectively) (p < 0.05). Figure S1 further indicates the relationship between the levels of organic acids and various bacteria. The levels of lactate significantly correlated with the relative abundances of lactate-producing bacteria Bifidobacterium (r = 0.688, p < 0.001) and Enterococcus (r = 0.473, p < 0.05). In general, the relative abundances of the genera such as Parabacteroides, Dorea, Oscillospira, Akkermansia, and Coprobacillus had a strong positive association with propionate levels, but a strong negative association with lactate levels (Figure S1).





4. Discussion


4.1. Bifidobacterium


This study provided the first evidence of the strong bifidogenic effects of AL in addition to AP. Intriguingly, the bifidogenic effect of AL was much stronger than that of AP. These results imply that the bifidogenic effect is not specific for Aspergillus protease, and also might be possible for other hydrolases, such as Aspergillus lipase. Aspergillus lipase and protease preparations used in this study are often included in commercially available digestive enzyme supplements to improve food digestion. Accordingly, the information on the effect of the enzyme preparations on gut health may be of practical relevance, and may also help in the understanding of the health benefits of Aspergillus-fermented foods containing Aspergillus lipases and proteases. Currently, several prebiotics are well-known to confer health benefits through increasing probiotics [3,4]. To our knowledge, this study, together with previous studies [9,10,11], implies that the Aspergillus-derived lipase and protease may be considered as a new type of prebiotics, and introduce a new concept of “prebiotic digestive enzymes”.



Our previous studies [10,11] found consumption of AP and purified acid protease obtained from A. oryzae markedly elevated cecal Bifidobacterium abundance. In contrast, the bifidogenic effect was absent in rats fed inactivated acid protease or inactivated AP, implying the involvement of protease activity in the mechanism of prebiotic activity. Additionally, treatment with AP increased cecal free amino acids, which correlated well with modulation of the relative abundance of Bifidobacterium [11]. Thus, we speculated that the increased levels of free amino acids (available amino acids) seen following consumption of AP promoted the growth of Bifidobacterium species. It is interesting to investigate whether an increased lipase activity in the gut arising from the supplemental AL could promote triglyceride hydrolysis to free long-chain fatty acids, which might increase the growth of Bifidobacterium species. The probiotic effects of Bifidobacterium are well-studied, imparting positive health benefits to the human host and preventing several disorders, such as gastrointestinal disorders, allergy, liver diseases, obesity, metabolic syndrome, cardiovascular diseases, cancers, autoimmune diseases, and brain diseases [3,4,5]. Due to their potential health-promoting properties, Bifidobacterium is incorporated into various foods as active ingredients. Many studies suggest that consumption of prebiotics, such as inulin, FOS, and GOS selectively increases the population of Bifidobacterium, a bifidogenic effect similar to that caused by AL and AP in this study [3,4,5].



There is growing evidence that gut microbial metabolites are key factors influencing host health. Treating rodents with probiotic bacteria of the genera Bifidobacterium and Lactobacillus increased gut γ-aminobutyric acid (GABA) levels, decreasing depression-like behavior and visceral pain [17,18]. Our previous study also showed that AP supplementation markedly increased gut microbial metabolites of amino acids, such as GABA and taurine, which are putative gut-protectors [11]. Bifidobacterium can metabolize linoleic acid into conjugated linoleic acids (CLAs), exerting several putative health-promoting activities, including anticarcinogenic, antiadipogenic, and antidiabetogenic, anti-inflammatory, and antioxidant actions [19]. A recent study has demonstrated that treatment with inulin stimulated Bifidobacterium-mediated the conversion of linoleic acid to CLAs in a human intestinal model [20]. From these findings, we believe that the intake of the Aspergillus-derived enzymes, such as AL and AP, is a novel approach to promote the hydrolysis of undigested macronutrients (proteins and lipids) in the intestine to nutrients usable by the gut microbiota, resulting in an elevated abundance of Bifidobacterium and bioactive microbial metabolites. Thus, a metabolomics study is necessary to evaluate the impact of supplemental AL and AP on gut microbial metabolites.




4.2. Collinsella


There is accumulating evidence that treatment with inulin and oligosaccharides increases the abundances of Collinsella and Bifidobacterium in the guts of rats [21]. In this study, treatment with AL and AP increased the levels of Collinsella, showing that AL and AP are similar to prebiotic oligosaccharides concerning their effect on Collinsella. Collinsella species appear to be beneficial to health; their increased abundance following dietary supplementation with oligofructose-enriched inulin in obese women is associated with an improved profile of a microbial co-metabolite, hippurate, indicating a healthier phenotype [22]. Collinsella exists in lower concentrations in patients with IBD or chronic pancreatitis than healthy controls [23]. A study by Saalman et al. [24] suggested the potential usefulness of this genus for treating IBD. These studies suggest that Collinsella is beneficial; however, abundance of Collinsella is reportedly positively associated with some disorders, such as type 2 diabetes and rheumatoid arthritis [25,26]. Chen et al. showed that Collinsella contributes to pro-inflammatory cytokine production and increased gut permeability in arthritis model mice and Caco-2 cell lines, implying potential adverse effects on some diseases [25]. Altogether, studies regarding the role of Collinsella species in host health are as yet inconclusive.




4.3. Enterococcus


This study indicated a higher abundance of Enterococcus in rats fed AL and AP. Enterococcus faecalis exerts positive effects on host health [27] and has clinical relevance for the treatment of chronic recurrent bronchitis [28]. Some members of Enterococcus are used as probiotics and in the production of feed additives to prevent diarrhea or to improve growth in animals [27]. Interestingly, several Enterococcus spp. from food exert antioxidant activity [29]. Studies have indicated that prebiotic oligosaccharides increase the abundance of Enterococcus species in mice and perioperative colorectal cancer patients [30,31]. In this study, both enzyme preparations acted similarly to prebiotic oligosaccharides concerning their effect on Enterococcus. However, Enterococcus species are a leading cause of hospital-associated bacteremia, endocarditis, and urinary tract infections [32]; they exist in patients with IBD [33]. Despite their pathogenic potential, commensal enterococci display low levels of virulence because they have been safely used for decades as probiotics in humans and farm animals [27]. Further research is required to carefully evaluate the implication of the increased abundances of individual members of Enterococcus seen in rats receiving the enzyme preparations used in this study.




4.4. Oscillospira, Dorea, and Coprobacillus


It is interesting that treatment with AL and AP markedly decreased the relative abundance of Oscillospira, Dorea, and Coprobacillus. Similarly, there is accumulating evidence that consuming various prebiotic oligosaccharides decreases gut abundance of Oscillospira [34,35], Dorea [35,36], and Coprobacillus [37,38] in mice, rats, and dogs. Hitherto, the impact of these genera on host health may depend on the disease type, and further studies are necessary to understand the implication of lower abundance of the genera by AL and AP.




4.5. Parabacteroides and Allobaculum


In this study, the relative abundances of Parabacteroides and Allobaculum were also significantly decreased by AL and AP. So far, studies on the prebiotic oligosaccharides on gut levels of these genera are limited, and controversial. Presently, the implication of lower abundance of Parabacteroides by AL and AP is unknown, and remains to be explored.




4.6. Bacterial Diversity


Unexpectedly, in this study, treatment with AL and AP significantly lowered bacterial diversity compared to control. Microbial diversity is considered beneficial for community stability and host health [39,40]. However, this may not always be the case, and assumptions of increased diversity could be oversimplified for complicated interactive mechanisms of health and disease [41]. We believe the reduced bacterial diversity in the AL and AP groups might relate to the depletion of many bacterial species, including Parabacteroides, Allobaculum, Oscillospira, Dorea, and Coprobacillus (Figure 2 and Figure 4).




4.7. Organic Acids


In this study, it is interesting that AL and AP strikingly increased cecal lactate levels, which were significantly associated with the bifidogenic effects. Meanwhile, the levels of other organic acids, such as acetate, propionate, and butyrate, were decreased by AL and AP. Notably, there was a strong inverse association between lactate and propionate levels. Propionate is microbially produced from lactate in the human colon [42]. Accordingly, the metabolic conversion of lactate into propionate might be lowered in the AL and AP groups. Previous in vitro study indicated free radical scavenging and antioxidant effects of lactate [43]. Recent studies have suggested that lactate exhibits an inflammatory or anti-inflammatory role depending on its effects on immune cell types and disease types [44]. Thus, the implication of lactate accumulation in the AL and AP groups remains to be explored.




4.8. Limitations of this Study


Study limitations should be highlighted. In this study, both AL and AP used were crude enzyme preparations and contained minor components other than lipase and protease. Thus, other factors, except for lipase and protease in these preparations, might have contributed to the effects observed in the gut microbiota. Further research is recommended to investigate the impact of highly purified lipase and protease obtained from Aspergillus species on intestinal microbiota. In addition, this study used wild-type rats, but not disease-model rats. Thus, the effects of Aspergillus lipase and protease on disease-model animals remains to be elucidated.





5. Conclusions


This study is the first to show the powerful bifidogenic effect of AL, an impact that, interestingly, was far stronger than that of AP. Additionally, this study specifically revealed the modulations of the relative abundances of other species of the genera Collinsella, Enterococcus, Oscillospira, Dorea, and Coprobacillus by the enzyme preparations. These modulations were similar to those reported in several studies with typical prebiotic oligosaccharides. The results might provide novel insights into the impacts of Aspergillus protease and lipase, and of Aspergillus-fermented foods containing Aspergillus proteases and lipases on gut health. Additionally, our studies might introduce a new concept of “prebiotic digestive enzymes” based on the findings of the impacts of dietary Aspergillus lipase and protease on gut Bifidobacterium. Our findings raise a fundamental question of how exogenous digestive enzymes of fats and proteins lead to their bifidogenic effects. Further studies will address this question. Metabolomics study in our group is in progress to investigate the gut metabolites derived from dietary fats and proteins in rats fed AL and AP to understand the impacts of AL and AP on the gut health.
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Figure 1. Effects of dietary treatment with AL and AP on cecal microbiome profiles and alpha-diversity. 16S rRNA gene-based microbiome analysis was used to evaluate the effects. PCoA of unweighted (A) and weighted UniFrac (B) and PERMANOVA analysis were performed to compare the gut microbiome profiles of the experimental groups. The diversity of the gut microbiota within samples was measured by (C) Shannon index, (D) observed OTUs, and (E) PD whole tree. Superscript with different letters indicate significantly difference at p < 0.05 (Tukey–Kramer HSD test). 
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Figure 2. Comparison of the different taxa between the Ctrl and AL groups (A), and the Ctrl and AP groups (B) through LEfSe analysis. The two-tailed nonparametric Kruskal–Wallis test showed the significant differences in the taxa between the Ctrl group and the AL and AP groups (p < 0.05). 
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Figure 3. Effects of dietary AL and AP on cecal microbiota composition at the phylum (A) and family (B) levels. 
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Figure 4. Effects of dietary AL and AP on cecal microbiota composition (A): Bifidobacterium, (B): Collinsella, (C): Lactobacillus, (D): Enteroccus, (E): Parabacteroides, (F): Allobaculum, (G): Oscillospira, (H): Dorea, and (I): Coprobacillus at the genus levels. Data are presented as a boxplot with median and min–max whiskers. The dots (•) in the boxplots are outliers. Superscript with different letters indicate significantly difference at p < 0.05 (Tukey–Kramer HSD test). 
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Figure 5. Effects of dietary AL and AP on cecal levels of organic acids (A): acetate, (B): propionate, (C): butyrate, (D): succinate, (E): lactate, and (F): total organic acids. Data are presented as a boxplot with median and min–max whiskers. The dots (•) in the boxplots are outliers. Superscript with different letters indicate significantly difference at p < 0.05 (Tukey–Kramer HSD test). 
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