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Abstract

:

Codium fragile (CF) is a functional seaweed food that has been used for its health effects, including immunostimulatory, anti-inflammatory, anti-obesity and anti-cancer activities, but the effect of CF extracts on obesity via regulation of intestinal microflora is still unknown. This study investigated anti-obesity effects of CF extracts on gut microbiota of diet-induced obese mice. C57BL/6 mice fed a high-fat (HF) diet were given CF extracts intragastrically for 12 weeks. CF extracts significantly decreased animal body weight and the size of adipocytes, while reducing serum levels of cholesterol and glucose. In addition, CF extracts significantly shifted the gut microbiota of mice by increasing the abundance of Bacteroidetes and decreasing the abundance of Verrucomicrobia species, in which the portion of beneficial bacteria (i.e., Ruminococcaceae, Lachnospiraceae and Acetatifactor) were increased. This resulted in shifting predicted intestinal metabolic pathways involved in regulating adipocytes (i.e., mevalonate metabolism), energy harvest (i.e., pyruvate fermentation and glycolysis), appetite (i.e., chorismate biosynthesis) and metabolic disorders (i.e., isoprene biosynthesis, urea metabolism, and peptidoglycan biosynthesis). In conclusion, our study showed that CF extracts ameliorate intestinal metabolism in HF-induced obese mice by modulating the gut microbiota.
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1. Introduction


Obesity is caused by abnormal or excessive fat accumulation due to an imbalance between energy intake and energy consumption [1]. Obesity is known as a risk factor for the causes of diseases including metabolic syndrome, type II diabetes, hypercholesterolemia, and vascular diseases, which can lead to complications in several organs [2,3]. The development of obesity is closely linked to lifestyle and dietary habits. In particular, the energy imbalance between caloric intake and expenditure is the underlying cause of overweight and obesity, and increased consumption of high-density foods with high fat and sugar content and reduced physical activity promotes the prevalence of obesity worldwide [4].



Although limiting calories and increasing exercise are often effective interventions to combat obesity, they are not as effective for some because of physical inability or lack of willpower. Various functional foods or nutritional ingredients from both traditional and novel resources have been extensively studied to prevent and alleviate obesity without compromising the enjoyment of eating with large amounts of calories. So far, various methods have been implemented to manage overweight or obesity, but increasing attention has recently been paid to the roles of gut microbiota for treating obesity. Obesity is generally related with changes in the total composition of gut microbiota, and it has been found that obese people have less microbial diversity than lean people [5,6]. The precise mechanism is still unclear, but a correlation has been found between specific microbial communities and a development of obesity. A recent study has reported the evidence that gut microbes behave similarly to the endocrine organs and also act as important regulators of obesity by affecting the absorption of nutrients in the gut [7]. Furthermore, it has been reported that excessive fat intake contributes to a high amount of fat in the bloodstream, resulting in increased fat tissue and fat accumulation in the body, leading to lipid metabolic disorders and obesity [8]. Diet is critically involved in the regulation of the gut microbiota. The incidence of obesity and related disorders have been linked to alterations of the gut microbiota in humans and mice. In particular, ingestion of a high-fat (HF) diet reduces intestinal microbial diversity.



Marine algae are valuable sources of new bioactive materials and functional foods with potentially beneficial health effects [9]. Also, many studies reported that marine algae have the beneficial biological activities such as anti-inflammatory, antioxidant, anti-cancer, and anti-obesity properties [10,11,12,13]. Codium fragile (CF) is an edible green alga that is widely distributed in the coastal areas of Asia, Europe and Oceania. CF is often used as a cooking ingredient and has been used as an oriental medicine to treat intestinal and urinal disorders in Korea [14]. It has been reported that extracts of CF suppressed mouse ear edema and erythema in an animal model, and it also exhibited anti-allergic effects by inhibiting immunoglobulin E-sensitized granulation in RBL-2H3 cells [15]. It has been suggested that the anti-inflammatory effects of CF extracts are likely due to inhibition of NF-κB activity in mouse macrophages [16]. Moreover, beneficial effects of CF extracts include thrombolytic, anti-coagulant, anti-platelet, and immunostimulatory properties in mouse macrophages through activation of the NF-κB and the mitogen-activated protein kinase (MAPK) pathway closely related to cell proliferation and differentiation [17,18,19].



Recent study has reported that sulphated polysaccharide obtained from CF has a beneficial effect on improving diet-induced obesity [20]. While studies on the anti-obesity effect of CF extracts have been reported, mechanisms by which CF extracts improve obesity has not been investigated. Here, we evaluated the anti-obesity effects of CF extracts on gut microbiota of diet-induced obese mice model. Our findings suggest that the anti-obesity effects of CF extracts are largely due to the modulation of gut microbiota.




2. Materials and Methods


2.1. Preparation of Codium fragile (CF) Extracts


The CF was randomly collected from the coastal area of the island (Yaksan-do; 34°22′41.23″ N, 126°54′35.92″ E) in the southern coast of Korea (Figure S1) in August and September 2015 and then merged before washing process for removing salts. CF was repeatedly washed with fresh water for 10 min in order to remove salts and then air-dried at 50 °C for 72 h. Extraction was performed at 80 °C for 3 h using 60 times the amount of 70% ethanol (v/v). The CF extracts were then concentrated using a vacuum rotary evaporator. CF extracts were freeze-dried and stored at −20 °C. Composition of CF extract and extract condition optimization are summarized in Figure S2.




2.2. Animal Experiment


Specific pathogen-free 5-week-old male C57BL/6 mice were obtained from Daehan Biolink, Co., Ltd. (Eumsung, Chungbuk, Korea). The mice were acclimatized for at least 1 week prior to use, and were housed in an air-conditioned room with a 12 h light/dark cycle at a temperature of 22 ± 2 °C with 50 ± 5% relative humidity. The composition and formulation of the mouse diet AIN-93G and high-fat diet (Todobio, Gyeonggi, Korea) are detailed in Table S1. Water was provided to all animals ad-libitum. The mice were divided into three groups (n = 8 per group), the normal diet (Sham), high-fat diet (HF), and high-fat diet plus CF extracts (HFC). CF extracts were orally administrated daily (600 mg of CF extract per kg of body weight). Sham and HF group were given appropriate vehicles. Body weights were recorded once a week and blood glucose levels were measured by blood glucose meter (Accu-Chek Instant: Boehringer Mannheim, Seoul, Korea) at the end of the feeding trial. The animal experiments were conducted for 12 weeks. All experimental protocols for animal care were performed according to the rules and regulations of the Animal Ethics Committee of Jeju National University (the Institutional Animal Care and Use Committee of Jeju National University; Approval number 2016-0042) and conducted according to the Korean Animal and Plant Quarantine Agency guidelines (Laboratory Animal Guideline-75).




2.3. Histological Analysis


The epididymal white fat tissues were fixed in 10% buffered-neutral formalin. The fat sections were subjected to hematoxylin and eosin (H&E) staining to observe histopathological change (DKKorea, Seoul, Korea). An arbitrary scope was given to each microscopic field viewed at a magnification of 100×. Adipocyte size area was imaged using densitometry and analyzed using ImageJ software (National Institutes of Health, Bethesda, MD, USA).




2.4. Determination of Cholesterol Levels


Serum concentration of total cholesterol (T-C), low-density lipoprotein (LDL-C), and high-density lipoprotein (HDL-C) were analyzed at DKKorea (Seoul, Korea).




2.5. Gut Microbiota Analysis


Fresh fecal specimens were obtained from the mice at the end of the feeding trial. Fecal DNA was extracted using a QIAamp PowerFecal DNA Kit (Qiagen, Germantown, MD, USA) according to the manufacturer’s instructions. DNA concentrations were measured using a Qubit fluorometer (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) and adjusted to 5 ng/μL using nuclease-free sterile water. The V4 hypervariable region of the 16S rRNA gene was amplified for microbial community analysis. MiSeq sequencing was performed at Macrogen (Seoul, Korea). MOTHUR software was used to remove the erroneous reads in accordance with MiSeq standard operating procedure (SOP) guidelines for the analysis process of 16S rRNA gene-based sequencing data (https://www.mothur.org/wiki/MiSeq_SOP) with a simple modification [21]. Briefly, paired-end reads were assembled using make.contigs and aligned to the SILVA database (version 132) contains ribosomal RNA (rRNA) gene sequences from the Bacteria, Archaea, and Eukaryota [22], singletons were removed using split.abund, chimeric sequences were detected using VSEARCH [23], and non-bacterial sequences were removed after taxonomic classification based on the Ribosomal Database Project (RDP) database (version 16) [24]. Operational taxonomic units (OTUs) were assigned using the opti.clust algorithm [25]. Number of reads per sample was set to 10,000 for downstream analyses. Species richness and evenness were estimated based on the Chao index [26] and Shannon index [27], respectively. Tree dendrograms and non-metric multidimensional scaling (NMDS) were calculated based on Bray-Curtis dissimilarity coefficients [28]. Metabolic pathways were predicted using Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 2 (PICRUSt2) [29].




2.6. Statistical Analysis


The results are expressed as the means ± standard deviation (SD). Analysis of molecular variance (AMOVA) was used to evaluate significant differences based on NMDS coordinates. Ellipses in NMDS were drawn with a 0.95 confidence level using R vegan package. AMOVA was used to estimate significant difference of the gut microbiota in NMDS. Statistical significance was accepted for p values <0.001. The taxonomic composition of gut microbiota and OTUs with significantly differential abundance were identified using linear discriminant analysis (LDA) effect size (LEfSe) software [30]. ALDEx2 is a differential abundance analysis package in R software and was used to identify significantly different predicted metabolic pathways [31]. Spearman rank correlation analysis was performed to investigate associations between OTUs and predicted metabolic pathways detected in ALDEx2 analysis. Statistically significant differences within the parameters and ecological indices were tested using analysis of variance (ANOVA) with a Tukey-Kramer test. Statistical significance was accepted for p values <0.05.





3. Results


3.1. CF Extracts Reduce the High-Fat Diet (HF)-Induced Fat Deposition in Mice


We investigated the effects of CF extracts on gut microbiota in HF-fed mice. The mice were treated with CF extracts for 12 weeks. We examined the inhibitory effects of CF extracts on body weight gain and fat deposition in mice. As shown in Table 1, CF extracts significantly decreased the weight of mice compared to those of HF-fed mice. We evaluated the composition of fat after sacrificing mice at the end of the feeding trial. The pathological changes in adipocyte tissues in all mice are shown in Figure 1 HF-fed mice with or without CF extracts showed increased adipocyte size compared to Sham. On the other hand, the CF extracts showed decreased adipocyte size compared to that of HF-fed mice (Figure 1). These results suggest that CF extracts could suppress the HF-induced body weight gain by improving the adipocyte hyperplasia and hypertrophy.




3.2. CF Extracts Suppress the HF-Induced Lipid Level in Mice


As fat accumulation is the main pathological feature of obesity, serum lipid level was evaluated in mice. The levels of T-C and LDL-C were increased in mice fed with HF. The levels of T-C and LDL-C were significantly decreased by treatment with CF extracts at a daily dose of 600 mg/kg. However, the level of HDL-C are not significantly different between the HF and the HFC groups (Table 2). Furthermore, the glucose concentration was significantly suppressed in the HFC group compared with the HF group. These results suggest that CF extracts could suppress the HF-induced body weight gain via improving of the fat accumulation.




3.3. Comparison Analysis of Mice Gut Microbiota According to the Types of Treatment


To investigate the effect of CF extracts on the regulation of the intestinal microbial total structure, we performed high-throughput sequencing using the Illumina MiSeq platform. We obtained 1,285,868 high-quality and valid sequences in this study. The number of reads for each sample was adjusted to 10,000 prior to the downstream analyses, while maintaining greater than 99% coverage (Figure 2A). In this study, species richness and evenness were not significantly different between the HF and HFC groups of mice while all ecological indices in Sham group were significantly higher compared to those of high-fat diet groups (Figure 2B–D). Figure 2E also showed that the Sham gut microbiota was significantly different from high-fat diet groups. These results indicate that high-fat diet induced intestinal dysbiosis in the mice gut microbiota. To investigate the anti-obesity effects of CF extract, we compared gut microbiota between HF and HFC groups.




3.4. CF Extracts Ameliorate the HF-Induced Dysbiosis of the Gut Microbiota in Mice


To check if CF extracts changed the taxonomic composition of gut microbiota, the relative abundance at the phylum, family, and genus levels were examined using LEfSe analysis. At the phylum level, the CF extracts increased the relative abundance of Bacteroidetes and reduced the relative abundance of Verrucomicrobia (Figure 3A). The increase in Bacteroidetes was largely due to the increase in the families of Porphyromonadaceae and Ruminococcaceae, while the decrease in Verrucomicrobia was due to a loss of the genus Akkermansia (Figure 3B,C). To further explain the changes in the gut microbiota at the lower taxonomic levels, we examined the gut microbiota of the HF and HFC using LEfSe analysis. CF extracts significantly shifted the gut microbiota composition by increasing members of the family Porphyromonadaceae and genus Acetatifactor, while decreasing the abundance of other members of Porphyromonadaceae and the genus Akkermansia (Figure 4). Also, we performed ALDEx2 analysis to identify differentially enriched predicted intestinal metabolic pathways. As shown in Figure 5, CF extracts enriched one predicted metabolic pathway (PWY0-1298: Superpathway of pyrimidine deoxyribonucleosides degradation), which has been reported to modulate bacterial colonization capabilities in the gut [32]. On the other hand, there were 11 pathways that were significantly decreased by supplementing CF extracts. Among them, some have been previously reported as obesity biomarkers. For example, mevalonate is involved in cholesterol synthesis and is essential for adipocyte survival, and isoprene biosynthesis has also been reported as a potential obesity marker [33,34]. Moreover, decreases in pyruvate fermentation and glycolysis may indicate the decrease in energy harvesting. Reduction of the tryptophan precursor chorismate leads to lower production of serotonin in the gut. While serotonin is a hormone that controls appetite, a recent study showed that nearly 90% of serotonin is peripheral serotonin that works as an energy-saving hormone, suggesting that a reduction in chorismate biosynthesis may be related to its anti-obesity effect [35]. Urea metabolism has also been reported to be associated with obesity in adults and peptidoglycan biosynthesis is involved in producing bacterial lipopolysaccharides, which may cause obesity if it enters into intestinal capillaries [36,37]. These results suggest that CF extracts reduced these obesity-related predicted intestinal metabolic pathways.



Furthermore, we investigated the association of bacterial taxa with obesity-related predicted intestinal metabolic pathways with Spearman’s rank correlation analysis. Table 3 shows the significant correlation to between the LEfSe-selected OTUs and obesity-related predicted intestinal metabolic pathways. Our results show that the increase in abundance of one unclassified genus of the family Porphyromonadaceae was positively associated with pyrimidine degradation. Meanwhile, the increase in Acetatifactor was negatively associated with predicted metabolic pathways for the biosynthesis of isoprene, chorismite, and geranylgeranyl diphosphate. Unknown genera of the families Porphyromonadaceae, Lachnospiraceae, and Ruminococcaceae also showed associations with the remaining predicted metabolic pathways. It should be noted that CF extracts significantly decreased the abundance of Akkermansia, which was positively associated with isoprene biosynthesis.





4. Discussion


Obesity is an increase in body weight due to excessive accumulation of fat tissue, which contributes to an increased prevalence of obesity-related metabolic dysfunction [38]. It has been known that eating foods rich in dietary fiber components, such as fruits and vegetables, can have beneficial effects on anti-obesity and obesity-related metabolic diseases [39,40,41]. Previous study reported that sulphated polysaccharide obtained from Codium fragile (CFSP) decreased the HF-induced body weight gain via inhibition of lipid accumulation in a rat model. Furthermore, CFSP restored the antioxidant enzymes (superoxide dismutase, catalase, and glutathione peroxidase) reduced by HF and inhibited the thiobarbituric acid reactive substances [20]. We also observed that daily supplementation with Codium fragle (CF) extracts could significantly decreased body weight via suppression of fat accumulation in HF-fed mice. We also investigated anti-obesity effects of CF extracts on HF-fed mice through gut microbiota modulation along with the changes of predicted intestinal metabolic pathways.



Recent studies have shown that changes of gut microbiota act as important influencing factors that contribute to the development of obesity, insulin resistance, and inflammation [42,43,44]. CF extracts caused the significant reduction of body weights, size of adipocytes, serum cholesterol, and blood glucose levels in HF-induced obese mice. It has been reported that transplanting feces of metformin-treated patients lowered the serum glucose level in mice, suggesting that gut microbiota plays a key role in controlling the serum glucose levels [45,46]. In addition, gut microbiota also stimulates secretion of glucagon-like peptide-1 (GLP-1), which has anti-inflammatory effects on adipocytes and macrophage infiltration by increasing insulin sensitivity in diabetic mice [47]. Recently, Martin et al. [48] reported that gut microbiota regulates glucose homeostasis through serotonin synthesis in enterochromaffin cells. In this study, we observed a significant reduction of chorismate biosynthesis II, which is a precursor of tryptophan, which thereby consequently reduces the amount of serotonin. We also observed increased abundance of the genus Acetatifactor, which was associated with the reduced chorismite biosynthesis. The genus Acetatifactor has been also reported to activate bile acid membrane receptor TGR5 and stimulate GLP-1 secretion, which ultimately improves liver function and tolerance to insulin and glucose [49]. These results indicate that modulating gut microbiota with CF extracts might be considered to be a therapeutic strategy against HF-induced metabolic syndromes.



Several plants with bioactive ingredients, such as bamboo-shaving, Angelica keiskei, and citrus peel, reduced body weight gain and ameliorated lipid metabolic disorders by altering the gut microbiota [50]. In this study, we have investigated how anti-obesity effects of CF extracts is associated with modulation of gut microbiota. We observed that CF extracts increased the ratio of Bacteroidetes/Firmicutes in HF-fed mice, indicating that CF extracts shifted the gut microbiota toward the lean type [51]. Akkermansia has been known its anti-obesity effects in humans and animals [52,53,54,55]. However, it has also been reported that Akkermansia causes intestinal inflammation by devouring the mucin layers when mice are fed fiber-free diet for a long term [56]. In addition, inflammatory bowel disease (IBD) and type 2 diabetes have been reported to be associated with higher abundance of Akkermansia, which is reversed by eating seaweed extract [57,58,59]. These results suggest that Akkermansia exhibits diverse responses according to host conditions, which emphasizes the need for further clarification of the roles of Akkermansia in obesity.



Among the metabolic shifts caused by CF extract, we observed the genus Acetatifactor was most frequently involved. Currently, there is only a single species of Acetatifactor reported, which is known to produce acetate and butyrate in the gut [60]. Changes in the gut microbiota affect production of luminal short-chain fatty acids (SCFAs), major metabolites including acetic acid, propionic acid, and butyric acid [61]. Many studies shown that the SCFAs regulate weight management and insulin sensitivity as well as prevent HF-induced metabolic shifts [62,63,64,65]. Acetatifactor is also reported to decrease with consumption of high-fat and high-calorie diets, while it increases with the oral administration of Lactobacillus as well as injection of extracts from the plant Cinnamonmi ramulus [66,67]. In addition, the abundance of Acetatifactor has been reported to be associated with bile acids [68] which is synthesized from LDL-C in the liver and solubilizes dietary fats to allow their intestinal absorption. Taken together, the increase of Acetatifactor may play a key role in the anti-obesity effect.



Furthermore, CF extracts significantly increased the relative abundance of some OTUs classified in the families Ruminococcaceae and Lachnospiraceae in diet-induced obese mice. Previous study reported that fucoidan from Laminaria japonica significantly increased the relative abundance of Ruminococcaceae while the abundance of Verrucomicrobia decreased, which is consistent with our current results [69]. Ruminococcaceae and Lachnospiraceae are predominant families of intestinal bacteria involved in carbohydrate metabolisms [70,71]. Many SCFA-producing bacteria also belong to these families. In addition, we observed that CF extracts increased the members of the family Porphyromonadaceae which includes SCFA-producing bacteria such as Butyricimonas, Coprobacter, and Macellibacteroides [72,73,74]. These results suggest that CF extracts increase the abundance of SCFA producers, contributing to its anti-obesity effect.




5. Conclusions


In conclusion, the present study suggest that CF extracts may have an anti-obesity effect, the mechanisms of which likely involve modulation of gut microbiota. The modulated gut microbiota are positively associated with a depleted predicted metabolic pathway related to obesity. Therefore, we conclude that CF extracts have the potential to be used as an anti-obesity functional food.
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Figure 1. Effect of CF extracts on the feature indexes of obesity in HF-fed mice. (A) Hematoxylin and eosin (H&E) staining of the epididymal white adipocytes tissue and (B) The adipocyte size. All results are expressed as the means ± SD (n = 8). Compared with Sham group, # p < 0.05, Compared with HF group, * p < 0.05. Sham, HF and HFC indicated normal diet-fed group, high-fat diet group, and high-fat diet plus Codium fragile (CF) extracts-fed group, respectively. 
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Figure 2. The comparison analysis of gut microbiota using ecological indices and non-metric multidimensional scaling (NMDS). (A) Comparison of coverage, (B) species richness, (C) Simpson diversity, (D) Shannon diversity, and (E) NMDS plotting combined with analysis of molecular variance (AMOVA). All results are expressed as the means ± SD (n = 8). Sham, HF and HFC indicated normal diet-fed group, high-fat diet group and high-fat diet plus Codium fragile (CF) extracts-fed group, respectively. ** indicates significant difference compared to HF and HFC (p < 0.01). 
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Figure 3. Effect of CF extracts on the taxonomic composition of gut microbiota in HF-fed mice. (A) Phylum, (B) family, and (C) genus levels. All results are expressed as the means ± SD (n = 8). * Indicates significantly difference (p < 0.05). HF and HFC indicated high-fat diet group and high-fat diet plus Codium fragile (CF) extracts-fed group, respectively. 
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Figure 4. Effect of CF extracts on the comparison of gut microbiota in HF-fed mice. Abundance analysis was performed using the linear discriminant analysis effect size (LEfSe) (red: HF, green: HFC). HF and HFC indicated high-fat diet group and high-fat diet plus Codium fragile (CF) extracts-fed group, respectively. 
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Figure 5. Differentially enriched predicted metabolic pathways identified by ALDEx2 (p < 0.05). Negative and positive effect size indicate significantly depleted and enriched predicted metabolic pathways in the HFC group in comparison to the HF group, respectively. HF and HFC indicate high-fat diet group and high-fat diet plus Codium fragile (CF) extracts group, respectively. 
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Table 1. The change of body weight in three groups.






Table 1. The change of body weight in three groups.











	
	Sham
	HF
	HFC





	Initial Body Weight (g)
	20.3 ± 0.81
	20.0 ± 1.22
	19.5 ± 1.53



	Final Body Weight (g)
	27.4 ± 1.47
	36.2 ± 3.89 #
	30.8 ± 2.75 *



	Body Weight Change (g)
	7.1 ± 0.77
	16.2 ± 2.79 #
	11.3 ± 2.47 *







Data were expressed as mean ± standard deviation (SD, n = 8). Different lowercase letters indicated significant differences between three groups. Compared with Sham group, # p < 0.01, Compared with HF group, * p < 0.05. Sham, HF and HFC indicated normal diet-fed group, high-fat diet group, and high-fat diet plus Codium fragile (CF) extracts-fed group, respectively.
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Table 2. The level of serum lipid and glucose in three groups.
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	Sham
	HF
	HFC





	T-C (mg/dL)
	156.8 ± 15.43
	208.3 ± 14.34
	186.0 ± 21.62



	HDL-C (mg/dL)
	98.5 ± 6.26
	100.6 ± 8.55
	97.0 ± 8.92



	LDL-C (mg/dL)
	17.5 ± 2.50
	28.8 ± 2.59
	18.8 ± 3.96 *



	Glucose (mg/dL)
	96.4 ± 11.48
	128.4 ± 3.38
	103.0 ± 7.77 *







Data were expressed as mean ± SD (n = 8). Different lowercase letters indicated significant differences between three groups. Compared with HF group, * p < 0.05. Sham, HF and HFC indicated normal diet-fed group, high-fat diet group, and high-fat diet plus Codium fragile (CF) extracts-fed group, respectively.













[image: Table] 





Table 3. Biomarker operational taxonomic units (OTUs) associated with the metabolic shifts caused by Codium fragile (CF) extracts. The associated biomarker OTUs were selected by q < 0.05 and p < 0.05 calculated using Spearman’s rank correlation analysis.
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	Pathway
	Increased/Decreased
	Description
	Associated Biomarker OTUs (Spearman Coef.)





	PWY0-1298
	Increased
	Pyrimidine deoxyribonucleosides degradation
	Otu011: Porphyromonadaceae_unclassified (0.79)



	PWY-6165
	Decreased
	Chorismate biosynthesis II
	Otu086: Acetatifactor (−0.76)

Otu124 *: Ruminococceae_unclassified (0.73)



	PWY-7391
	Decreased
	Isoprene biosynthesis II
	Otu157: Porphyromonadaceae_unclassified (−0.99)

Otu120: Lachnospiraceae_unclassified (−0.81)

Otu146: Acetatifactor (−0.81)

Otu076: Acetatifactor (−0.71)

Otu002 *: Akkermansia (0.77)



	PWY-922
	Decreased
	Mevalonate pathway I
	Otu123: Ruminococcaceae_unclassified (−0.76)

Otu124 *: Ruminococcaceae_unclassified (0.82)



	PWY-5910
	Decreased
	Geranylgeranyldiphosphate biosynthesis I
	Otu136: Acetatifactor (−0.77)

Otu175: Lachnospiraceae_unclassified (−0.73)

Otu173: Acetatifactor (−0.71)

Otu068 *: Lachnospiraceae_unclassified (0.73)

Otu124 *: Ruminococcaceae_unclassified (0.82)



	P461-PWY
	Decreased
	Hexitol fermentation to lactate, formate, ethanol and acetate
	Otu039 *: Clostridium_XlVb (0.73)



	PWY-2221
	Decreased
	Enter-Doudoroff pathway III
	Otu123: Ruminococcaceae_unclassified (−0.81)

Otu124 *: Ruminococcaceae_unclassified (0.81)



	PWY-6588
	Decreased
	Pyruvate fermentation to acetone
	Otu010: Porphyromonadaceae_unclassified (−0.77)

Otu111: Lachnospiraceae_unclassified (−0.74)







* Indicates significantly decreased abundance by CF extracts.
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