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ABSTRACT 

INVESTIGATING THE EFFECT OF DIET ON INTESTINAL MICROBIOTA 

COMPOSITION AND METABOLIC FUNCTIONS IN PIGS 

Richi Gupta, Ph.D. 

George Mason University, 2020 

Dissertation Director: Dr. Patrick M. Gillevet 

Human gut harbors microorganisms that play an important role in maintaining 

health. Dysbiosis or unbalanced gut microbiota has been associated with several intestinal 

disorders and mental health problems. Diet has an effect on the composition and activity 

of the microorganisms in the human gut and can be used to modulate specific gut microbial 

species that promote human health.  

The goal of this research study is to investigate the effect of dietary interventions 

on promoting health using the pig as a translational model for humans. Our hypothesis is 

that dietary composition has the potential to affect host metabolism by modifying intestinal 

microbiota composition and associated metabolic functions. Specifically, we focused on 

three objectives:  

1. Evaluate and compare the potential prebiotic effect of cocoa-derived 

flavonoids; 

2.  Evaluate and compare the potential prebiotic effect of Agaricus bisporus 

(Mushroom) derived polysaccharides; 
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3. Determine the detrimental impact of high fat and/or high fructose diet on 

host microbiome composition and function.  

Using 16S rRNA sequencing, we identify dietary induced differences in bacterial 

abundance with inferred carbohydrate and energy metabolism in pigs that consumed cocoa 

derived flavonoids. Bacterial abundance analysis with Linear discriminant analysis Effect 

Size (LEfSe) demonstrates the prebiotic effect of cocoa due to enrichment of beneficial 

bacteria such as Bifidobacterium, and members of family Lachnospiraceae. Pigs fed with 

mushroom diet induced an increase in bacterial abundance belonging to families 

Lachnospiraceae, Ruminococcaceae, and Prevotellaceae with improvement in inferred 

metabolic function for carbohydrate and biosynthesis of secondary metabolites. Dietary 

intervention with excess calories derived from fat and fructose induced changes in the 

Proteobacteria families Enterobacteriaceae, Desulfovibrionaceae, and 

Succinivibrionaceae, which resulted in increased metabolic pathways for LPS biosynthesis 

and associated protein and enzymes such as glycosyltransferases. Taken together, these 

data suggest that a short dietary intervention can be exploited as a mechanism to modify 

host metabolic function and to impact overall health.
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1. INTRODUCTION 

1.1. Human gut microbiome 

The human body, both inside and outside, contains a densely populated and 

complex community of microorganisms defined as the microbiome. It contains microbes 

that range from bacteria, archaea, viruses, and eukaryotic microbes. On the human body, 

microbes are present on surfaces such as gastrointestinal tracts, skin, saliva, oral mucosa, 

and conjunctiva, with the majority in the gastrointestinal colon. It is estimated that ~1014 

bacteria reside in a human colon (Savage, 1977), followed by the skin with ~1012 bacteria 

(Berg, 1996) and less than 1012 bacteria on the rest of the body. Initially, it was estimated 

that bacteria outnumber human cells, but recent estimation shows that the ratio of human 

cells to bacteria is closer to 1.3 times the number of human cells (Sender, Fuchs, & Milo, 

2016).  

The human gut predominantly comprises of the gram-negative Bacteroidetes and 

the gram-positive Firmicutes, representing 90% of gut microbiota, while Actinobacteria, 

Proteobacteria, Fusobacteria, Cyanobacteria, and Verrucomicrobia are usually less well 

represented (Qin, et al., 2010). Firmicutes or Bacteroidetes phyla make up nearly 60% of 

the colonic microbiota (Bäckhed, Ley, Sonnenburg, Peterson, & Gordon, 2005). 

Firmicutes, the largest bacterial phylum contains over 250 genera such as Lactobacillus, 

Bacillus, Clostridium, Enterococcus, and Ruminococcus, with the Clostridium genera 
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representing 95% of the Firmicutes phyla (Rinninella, et al., 2019). Human intestinal 

microbiome composition differs significantly among individuals, but family members tend 

to possess more similar microbiota than unrelated individuals (Spor, Koren, & Ley, 2011) 

(Song, et al., 2013). Genetically unrelated individuals who cohabitate do not have 

significant gut microbiota similarity but have increased skin microbiota similarity (Sharma, 

et al., 2019). 

Microbes in the gut interact with their host and have the potential to influence the 

physiological processes of their animal host, both in health and in disease. They directly or 

indirectly affect the host by contributing to metabolic functions, protecting against 

pathogens, and modulating the immune system (Shreiner, Kao, & Young, 2015). The gut 

microbiota provides several health benefits that can be grouped into three major categories 

such as nutrition, immune development, and host defense (Nishida, et al., 2018). They help 

in the absorption of nutrients such as dietary fats and vitamins, regulation of lipid energy 

metabolism, regulation of glucose homeostasis, and synthesis of amino acids. Microbes in 

the gut supplies energy and nutrients such as vitamins and cofactors to the host. For 

example, Bifidobacterium in the gut can synthesize and supply vitamins such as vitamin K 

and the water-soluble B vitamins to the host (LeBlanc, et al., 2011). They also provide 

short-chain fatty acids (SCFAs; C2–C6) such as acetate, propionate, and butyrate by 

fermenting the resistant starch or indigestible carbohydrates (dietary fiber). SCFAs are 

energy sources for gut mucosal cells and act as signaling molecules once transferred to the 

host’s circulation (Besten G. D., et al., 2013). Gut microbiota also prevents pathogen 

colonization and is integral to the regulation of innate and adaptive immunity. It also 
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regulates gut architecture and intestinal permeability. Due to the different role it plays in 

the body’s normal functioning, gut microbiota is also referred to as an “organ” (O'Hara & 

Shanahan, 2006). 

There is increasing evidence supporting an association between dysbiosis and 

diseases in GI tract diseases such as inflammatory bowel disease (IBD), ulcerative colitis 

(UC), Crohn disease (CD), and colorectal cancer (CRC), as well as in some metabolic 

disorders such as obesity and diabetes. It has been shown that the imbalance between two 

dominant phyla, the Bacteroidetes and the Firmicutes, plays an important role in the 

progression of metabolic disorders such as obesity (Moreno-Indias, Cardona, Tinahones, 

& Queipo-Ortuño, 2014), inflammatory bowel disease (Sheehan, Moran, & Shanahan, 

2015), liver diseases (Acharya & Bajaj, 2017) and many other diseases. Factors such as 

diet, age, genetics, lack of exercise, stress, drugs, and xenobiotics are responsible for 

impaired gut microbiota composition and function. 

1.2. How to promote human health  

Diet is one of the most important determinants of microbial diversity within the 

human gut. Dietary content and quantity have a major role in shaping the human microbiota 

composition and function (Zmora, Suez, & Elinav, 2019). Since dietary composition has 

an essential effect on the gut microbiota, one approach to promoting human health is 

through dietary intervention. Diet can be used to modulate and manipulate symbiotic 

relationships between the host and microbes in the gut and to potentially affect and promote 

overall gastrointestinal health.  
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Long-term and short-term variations in diet can influence the gut microbiota 

composition. One study showed that the short-term consumption of animal or plant diets 

changes microbial community structure rapidly (David, et al., 2014), and these changes in 

the fecal microbiota can be detected within 24 hours of changing diets. An increase in 

microbial populations at the genus and species level was also observed with these long-

term and short-term dietary changes, however, it did not result in a permanent 

compositional shift, at least at the phylum level (Conlon & Bird, 2015).  

Different long-term dietary patterns, such as vegetarian/vegan vs. omnivorous 

diets, have different gut microbiota content. Research shows that long-term 

vegetarian/vegan diets have different gut microbiota content compared to omnivorous 

diets, whereas marginal differences are observed between vegans and vegetarians gut 

microbiota content (Zimmer, et al., 2012). Different metabolites are also observed between 

vegetarian/vegan vs. omnivorous diets. For example, SCFAs, phytoestrogens, or 

isothiocyanates were associated more with the plant-based vegetarian/vegan food, while 

trimethylamine N-oxide (TMAO) and secondary bile acids were associated with the meat-

based diet (Aleksandra, et al., 2019).  

1.3. Probiotic, prebiotic, and synbiotic diet 

The term probiotic comes from the Latin pro (“for”) and the Greek bios (“life”). 

The concept of probiotic was first introduced by the Russian scientist Elie Metchnikoff in 

1907, who is also known as the “father of probiotics”. He suggested that it would be 

possible to replace harmful microbes with useful microbes in the gut flora (Metchnikoff, 

1907). Since Metchnikoff, several other scientists have further developed the definition of 
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probiotics (Kollath (1953), Lilly and Stillwell (1965), Parker (1974), Fuller (1989)). 

Werner Kollath described probiotics as organic and inorganic food supplements applied to 

restore health to the patients suffering from malnutrition (Kollath, 1953) whereas Lilly and 

Stillwell described it as substances produced by one organism that prolong the logarithmic 

phase in other species (Lilly & Stillwell, 1965). In 2001, the World Health Organization 

and the Food and Agriculture Organization of the United Nations defined probiotics as live 

microorganisms, when administered in an adequate amount; confer a health benefit on the 

host (World Gastroenterology Organisation Global Guidelines. Probiotics and prebiotics, 

Feb 2017). This definition is the most widely used today. 

The proposed mechanisms of action of probiotics include the modification of the 

intestinal environment by reducing the pH and interacting with commensal or potential 

pathogenic microbes. Probiotics supply digestive enzymes, increase the enzyme activity in 

the gastrointestinal tract and generate metabolic end products such as short-chain fatty 

acids (SCFA) that provide energy and chemical signaling to intestinal cells (Besten, et al., 

2013). Health benefits of probiotics have mainly been shown for specific strains of the 

following genera: Lactobacillus, Bifidobacterium, Saccharomyces, Enterococcus, 

Streptococcus, Pediococcus, Leuconostoc, Bacillus, and Escherichia coli (Fijan, 2014). To 

demonstrate their health-promoting abilities, several Lactobacillus strains, such as L. 

rhamnosus GG, have been used in human interventions studies with subjects suffering from 

gastrointestinal (GI) disorders (Pace, Pace, & Quartarone, 2015) and atopic dermatitis 

(Rather, et al., 2016). L. rhamnosus GG has also shown to improves intestinal permeability 

and inflammatory responses in mice (Khailova, Baird, Rush, Barnes, & Wischmeyer, 
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2017). Comparative studies have shown that the efficacy of probiotic and their associated 

health properties are strain-specific and disease-specific and cannot be generalized 

(Sniffen, McFarland, Evans, & Goldstein, 2018). 

Lactobacillus and Bifidobacterium species are the two most commonly consumed 

probiotics in humans. The genus Lactobacillus is gram-positive bacteria belonging to the 

lactic acid bacteria (LAB) group. Lactic acid bacteria (LAB) group includes Lactobacillus, 

Lactococcus, Enterococcus, Oenococcus, Pediococcus, Streptococcus, and Leuconostoc 

species) that can convert hexose sugars to lactic acid, thus producing an acidic environment 

that inhibits the growth of several species of harmful bacteria (Makarova, et al., 2006). 

Lactobacillus acidophilus, L. casei, L. paracasei, L. rhamnosus, L. delbrueckii subsp. 

bulgaricus, L. brevis, L. johnsonii, L. plantarum and L. fermentum are some Lactobacilli 

strains that are commonly used as probiotics (Fijan, 2014). Most studies have shown health 

benefits of long-term feeding of probiotics whereas short-term probiotic intake have been 

shown to be insufficient in modulating the intestinal microbiota. In one such study, 

researchers studied short-term daily intake of live probiotic cells and showed that one week 

of probiotic supplementation was insufficient in modulating the intestinal Bifidobacteria 

and Lactobacilli, and only a significant increase was observed at the beginning of the study 

in the intestinal Lactobacillus acidophilus group (Taverniti, Scabiosi, Arioli, Mora, & 

Guglielmetti, 2014).  

Prebiotics are dietary substances, mostly non-starch polysaccharides, that are non-

digestible by the host and act as food for probiotic bacteria. They selectively stimulate the 

growth and activity of beneficial anaerobic bacteria such as Bifidobacteria and 
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Lactobacilli, and decrease the population of potentially pathogenic microorganisms, 

thereby improving the host health (World Gastroenterology Organisation Global 

Guidelines. Probiotics and prebiotics, Feb 2017). Examples of prebiotics include 

oligofructose, inulin, galacto-oligosaccharides, and lactulose.  

A synbiotic diet is a combination of probiotics and prebiotics diet. It includes both 

beneficial microorganisms and substrates, which may have synergetic effects on the host’s 

intestinal tract. Synbiotic diet favors the survival of health promoting bacteria in the 

gastrointestinal tract. 

1.4. Pigs as a model for human health 

Dietary intervention studies in humans are difficult to administer as people are poor 

at adhering to dietary regimes. Animal models enable researchers to tightly control the diet 

of subjects and to have multiple biological replicates. Rodents such as rats and mice are 

the most commonly used animal models for understanding human diseases. They have 

frequently been used in diet, nutrition, and obesity related studies despite some 

physiological and metabolic differences. Pigs seem to be a more suitable animal model in 

nutritional, metabolic, and cardiovascular research due to anatomical and physiological 

similarities to humans (Swindle & Smith, 1998). The metagenome sequencing of pig fecal 

DNA also shows that pigs functional pathways are similar to human functional pathways 

supporting the use of pigs for biomedical research (Xiao, et al., 2016). Contemporary 

domestic pigs and breeds such as Gottingen, Yorkshire, Yucatan, and Ossabaw have been 

used to investigate obesity and cardiovascular disease. Juvenile pigs also serve as a good 

model for studying obesity in children. They develop diabetes through very similar 
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mechanisms as to humans and respond to treatment in similar ways. It is also possible to 

overfeed young pigs with a high-fat and high carbohydrate diet to develop Type 2 diabetes. 

These overfed juvenile pigs have lowered sensitivity to insulin, lower cholesterol profiles, 

and increased leptin levels, creating a model for childhood Type 2 diabetes, obesity, and 

insulin resistance (Bellinger, Merricks, & Nichols, 2006).  
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2. MATERIALS AND METHODS 

2.1. 16S rRNA sequencing 

16S rRNA and metagenomic whole genome sequencing are the most common 

sequencing methods used to characterize the complexity of the human microbiome (NIH 

Human Microbiome project, 2020). The 16S ribosomal RNA (rRNA) gene is present in all 

bacteria and archaea. It contains both highly conserved and variable regions. These variable 

regions, V1 through V9, are routinely used to classify organisms according to phylogeny 

and to identify taxonomic groups present in a sample, making 16S rRNA sequencing 

particularly useful in metagenomics. A microbiome is identified by sequencing 16S rRNA-

encoding genes and then comparing them to a known bacterial sequence database (Mizrahi-

Man, Davenport, & Gilad, 2013). 

In the studies described here, pigs were fed with a specific diet and then fecal 

samples were collected at various time points after dietary intervention. DNA was extracted 

from fecal samples and amplified by PCR for sequencing using Ion Torrent technology. 

To obtain the microbiome data, first two variable regions of the 16S rRNA (V1 and V2 

regions) are amplified as it gives better coverage and higher phyla spectra. Sequencing data 

are further analyzed using various microbiome analysis tools.  

2.2. Microbiome Analysis Tools 

Bioinformatics tools used in this project are installed on and available through Microbiome 

Analysis Center (MBAC) server. 
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2.2.1. QIIME 

Quantitative Insights into Microbial Ecology (QIIME) is an open-source 

bioinformatics software used for microbiome analysis (Caporaso, et al., 2010). It takes raw 

sequencing data generated by Illumina or other sequencing platforms and performs 

demultiplexing and quality filtering, OTU picking, taxonomic assignment, phylogenetic 

reconstruction, diversity analyses, and visualizations. QIIME scripts wraps together many 

separate software packages developed by different research groups. 

Here we have used the pick_de_novo_otus.py QIIME script for microbiome 

analysis. This script calls seven other python scripts and is a workflow for de novo OTU 

picking, taxonomy assignment, phylogenetic tree construction, and OTU table 

construction. It takes a sequence file and performs the following processing steps through 

building the OTU table: 

1. OTU picking: OTUs (Operational Taxonomic Units) are clusters of similar sequences. 

OTU picking is a process where similar sequences are clustered together and assigned 

an OTU. There are number of ways to cluster sequences and to assign OTUs. Here, 

OTU picking is done using pick_otus.py script with an identity threshold of 97% 

similarity i.e., sequences that are 97% similar are clustered together into the same OTU. 

The default-clustering algorithm for OTU picking in QIIME is UCLUST (Edgar, 

2010). The output of this script is an OTU mapping file. 

2. Picking a representative sequence: After picking OTUs, picking a representative 

sequence for each OTU is done using pick_rep_set.py script. For each OTU, one OTU 



11 

 

 

 

centroid sequence is chosen as a representative sequence for subsequent analyses. The 

output is a single FASTA file containing one sequence per OTU. 

3. Align sequences: This step is done using align_seqs.py script. It aligns the sequences 

in a FASTA file to each other or to a template sequence alignment using PyNAST 

(Caporaso, et al., 2010), a python implementation of the NAST alignment algorithm. 

The NAST algorithm aligns each representative sequence to the best-matching 

sequence in a pre-aligned database of sequences.  

4. Filter sequence alignment: Prior to tree building, aligned sequences are filtered to 

remove positions such as gaps, using filter_alignment.py script. This step also includes 

filtering the sequences by aligning them against the Greengenes dataset. Greengenes is 

a bacterial and archaeal 16S rRNA sequence database that provides annotated, chimera-

checked, full-length 16S rRNA gene sequences in standard alignment formats which 

allows researchers to use this database as a reference for the taxonomic identification 

of OTUs and to distinguish chimeras (DeSantis, et al., 2006).  

5. Assign taxonomy: Taxonomy assignment is done using assign_taxonomy.py script.  

Taxonomy assignment can be done with BLAST, the RDP classifier, tax2tree, RTAX, 

and Mothur. We have used RDP 11 release to identify the differentially represented 

taxa in samples by classifying the sequences against version 11 of the Ribosomal 

Database Project (RDP). RDP provides aligned and annotated bacterial and archaeal 

16S rRNA sequences (Cole, et al., 2013). It also provides an RDP classifier tool based 

on a naïve Bayesian classifier for short sequence reads, to analyze sequences in the 

RDP framework. RDP classifier provides a fast and reliable classification of both 
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bacterial and archaeal 16S rRNA sequences to the taxonomical hierarchy (Wang, 

Garrity, Tiedje, & Cole, 2007).  

6. Build phylogenetic tree: Phylogenetic tree is built with FastTree (Price, Dehal, & 

Arkin, 2010) using make_phylogeny.py script. The output is a newick formatted tree 

file.  

7. OTU table construction: OTU table is build using make_otu_table.py script. It tabulates 

the number of times an OTU is found in each sample. The output is a Biological 

Observation Matrix (BIOM) formatted OTU table. 

After OTU picking, a summary of the information in biom table can be viewed with 

biom summarize-table command. This command takes a BIOM file as input and prints a 

summary of the count information on a per-sample basis to the new file. 

Output files from pick_de_novo_otus.py are further used to do diversity analysis 

and data visualization. Diversity analysis is commonly used to compare and further 

characterize the differences between the communities. Diversity or species richness is done 

by calculating alpha diversity and beta diversity. Alpha diversity calculates within sample 

diversity on each sample in an OTU table using alpha_diversity.py script. A variety of 

alpha diversity metrics are available such as Chao1, Shannon index, PD_whole_tree, etc. 

The Shannon index H combines the variety (the species richness, number) and evenness 

(equitability, distribution) components of diversity (Ludwig & Reynolds, 1988). The 

diversity index increases as the number of species increases and as the distribution of 

individuals among the species becomes even. Chao1 is a species richness estimator that 

calculates the minimal number of OTUs present in a sample (Chao, 1984). PD_whole_tree 
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is Faith's Phylogenetic Diversity, and it is based on the phylogenetic tree where branch 

lengths are added as a measure of diversity. If a new OTU is closely related to another 

OTU in the sample, it will cause a small increase in diversity however, if a new OTU is 

found from a totally different lineage, it will contribute significantly to the diversity. Beta 

diversity calculates the distance between a pair of samples and these distances between 

samples can be visualized through principal coordinate analysis. 

beta_diversity_through_plots.py script is used to perform beta diversity, principal 

coordinate analysis, and to generate 3D PCoA Plots that can be visualized using Emperor 

(Vázquez-Baeza, Pirrung, Gonzalez, & Knight, 2013). It uses the unweighted and weighted 

UniFrac method for comparing the distance between a pair of samples. Weighted UniFrac 

is a quantitative measure and more useful as it reveals the community differences that are 

due to changes in relative taxon abundance, whereas unweighted UniFrac is a qualitative 

measure and more informative as it only considers their presence or absence of taxa. 

2.2.2. PICRUSt 

Phylogenetic Investigation of Communities by Reconstruction of Unobserved 

States (PICRUSt) is a freely available bioinformatics software package that predicts the 

functional composition of a metagenome from the 16s rRNA data (Langille, et al., 2013). 

It predicts metagenome functions using 16S rRNA marker gene data and a database of 

reference genomes.  

Functional prediction of a metagenome using PICRUSt algorithm is a two-step 

process. First is the ‘gene content inference’ step, where the gene content is precomputed 

for 16S of each organism in a reference phylogenetic tree. This step is calculated only once 
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as it independent of any particular microbial community sample. Second is the 

‘metagenome inference’ step where the resulting gene content predictions for all microbial 

taxa is combined with the relative abundance of 16S rRNA genes in one or more microbial 

community samples, and then corrected for the expected 16S rRNA gene copy number to 

generate the expected abundances of gene families in the entire community. For the 

metagenome inference step, the operational taxonomic units (OTUs) table produced during 

QIIME analysis is used where each sample is associated with Greengenes identifiers. Here 

we have used pick_closed_reference_otus.py QIIME script to construct an OTU table. 

Since the 16S rRNA copy number varies greatly among different bacteria and archaea, the 

user’s OTUs table is normalized by dividing the abundance of each organism in the OTU 

table by its known 16S copy number. Normalized OTU abundances are then multiplied by 

the set of gene family abundances calculated for each taxon during the gene content 

inference step. The final output is an annotated table of gene family counts for each sample. 

2.2.3. LEfSe 

LDA Effect Size (LEfSe) is an algorithm for high-dimensional biomarker discovery 

in metagenomics data. It identifies the genomic features (genes, pathways, or taxa) that are 

statistically different between two or more biological conditions (Segata, et al., 2011). Non-

parametric factorial Kruskal-Wallis sum-rank test is used as a first step to identify features 

differential abundance in defined classes and then a set of pairwise tests among subclasses 

using the Wilcoxon rank-sum test is performed. As a last step, LEfSe uses Linear 

Discriminant Analysis (LDA) to estimate the effect size of differentially abundant features. 
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To run the analysis, first the taxa abundance data from QIIME or functional data 

from PICRUSt is formatted into a tabular format, then the LDA Effect size analysis is 

performed, and finally the results from LEfSe are visualized either as histograms or 

cladograms.  

2.2.4. Correlation Network Analysis 

Correlation Network Analysis is carried out using the Correlation Analysis tool 

available through Galaxy Portal at MBAC server (Brown, 2011). First, this tool calculates 

the Spearman correlation between all features in each sample class at a p-value of 0.05. 

The Spearman correlation is a non-parametric rank order test and is more appropriate for 

non-linear correlations. It is less sensitive to outliers when compared to Pearson 

correlation. A correlation difference is then calculated between two sample classes for the 

selected features at a p-value of 0.01, rho +/-0.3, dist>0.5 and visualized using Cytoscape. 

If any significant variance is observed between sample classes for the selected features, it 

can be used to understand the relationships between the microbiota data. 

2.2.5. Cytoscape 

Cytoscape is an open-source software platform used for the visualization of 

interactive complex networks and biological pathways (Shannon, et al., 2003). It can be 

used to visualize the correlation networks for microbiota interactions. It allows the user to 

choose the attributes of nodes and edges such as shape, color, and size facilitating 

microbiome analysis.  
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3. EFFECT OF FEEDING COCOA POWDER AND LACTOBACILLUS 
RHAMNOSUS LGG IN DIET 

3.1 Introduction 

Cocoa powder from Theobroma cacao trees is consumed worldwide and is a rich 

source of polyphenols such as flavanols. Flavonoids such as flavanols constitute a group 

of polyphenolic compounds found in a variety of vegetable, fruits, wine, tea, and cocoa 

products (Puupponen-Pimiä, et al., 2002). Cocoa has the highest flavanol content on a per-

weight basis with the strongest antioxidant potential compared to other foods (Lee, Kim, 

Lee, & Lee, 2003) (Crozier, et al., 2011). It is rich in flavanols such as epicatechin and 

catechin monomers, as well as procyanidin oligomers (Cifuentes-Gomez, Rodriguez-

Mateos, Gonzalez-Salvador, Alanon, & Spencer, 2015). The flavanol amount in cocoa 

varies greatly due to plant varieties, the time of harvest, environmental factors, processing, 

and storage conditions. Fresh fermented cocoa beans contain ~10% flavanols (100 mg/g) 

whereas cocoa powder and cocoa-rich dark chocolate contains ~3.6% and ~5% flavanol 

respectively (Payne, Hurst, Miller, Rank, & Stuart, 2010).  

The beneficial health effects of cocoa flavanols also depend on bioavailability and 

how well they are absorbed in the body. Bioavailability of cocoa depends on a number of 

factors such as digestion and the release of flavanol from the food matrix, solubilization 

and absorption into enterocytes, xenobiotic metabolism in the enterocytes, liver, and colon, 

and finally elimination from the body (Strat, et al., 2016) (Neilson & Ferruzzi, 2011). It 

appears that monomeric and oligomeric flavanols remain intact during gastric transit (Rios, 

Bennett, Lazarus, Remesy, & A. Scalbert, 2002), and unabsorbed monomeric and 
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oligomeric flavanols pass into the small intestine where they undergo a series of 

biotransformation to produce metabolites that can be absorbed and rapidly detected in 

plasma and body tissues of animals and humans (Jang S. , et al., 2016). Monomeric 

flavanols likely enter the bloodstream via diffusion and reach peak plasma concentrations 

at 2–3 h after ingestion. Flavanol polymers and trimers, and large pro-anthocyanidins are 

relatively less absorbed compared to monomers and are passed to the colon where they are 

recognized by the microbial organism as xenobiotics and are extensively transformed into 

various metabolites (Manach, Scalbert, Morand, Rémésy, & Jiménez, 2004). 

Valerolactones and valeric acids are the first microbiota-derived catabolites of unabsorbed 

monomeric and oligomeric flavanols present in the small intestine whereas various 

phenolic acids were identified as intermediate and last-step products of microbial flavanol 

catabolism (Appeldoorn, Vincken, Aura, Hollman, & Gruppen, 2009). 

Cocoa flavanols have been associated with several health benefits such as 

antioxidant, anti-inflammatory, and anti-atherogenic activity (Andújar, Recio, Giner, & 

Ríos, 2012), however their effects on the intestinal microbiome are poorly understood. It 

has been shown in a few studies that dietary consumption of cocoa flavanols alters the 

growth of select gut bacterial species in humans (Tzounis, et al., 2011) and in rat model 

(Massot-Cladera, Pérez-Berezoa, Franch, Castell, & Pérez-Cano, 2012). Results from 

human intervention study showed that four weeks of daily ingestion of a high-cocoa 

flavanol beverage containing 494 mg flavanols increased the growth of Lactobacillus spp., 

and Bifidobacterium spp. in comparison with a control low-cocoa flavanol drink that 

contained only 29 mg flavanols. Similarly, in pigs consumption of 20g of cocoa powder 
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enhanced the abundance of Lactobacillus and Bifidobacterium species and induced a 

reduction of inflammatory markers such as tumor necrosis factor-α and toll-like receptor 

gene expression in intestinal tissues (Jang S. , et al., 2016). This study demonstrates the 

translational benefit of the pig model where a similar dose as humans have a similar effect 

in pigs. These studies also suggest that the flavanol-rich cocoa might have a prebiotic 

potential. 

The objective is to evaluate the prebiotic effect of feeding flavanol rich cocoa 

powder on the composition and function of the fecal microbiome in a pig model. The effect 

of feeding cocoa powder is determined in combination with and without probiotic 

Lactobacillus rhamnosus GG. Changes in intestinal microbiota composition and function 

are used to determine the prebiotic potential of cocoa. Additionally, we have used Ascaris 

suum (A. suum) infection, a common intestinal parasite for pigs, to test the health benefits 

of cocoa diet and to understand the interaction of intestinal nematodes Ascaris suum with 

the host microbiota. The objective is to determine the effect of Ascaris suum infection on 

the microbial composition and function. Changes in intestinal microbiota composition and 

function are used to determine if feeding cocoa with and without probiotic LGG would 

modulate the interaction of parasitic A. suum infection with the host microbiota.  

3.2 Materials and Methods 

Four groups of either seven or eight pigs were fed for four weeks with a growth diet 

supplemented with 26g of flavanol rich cocoa powder (Acticoa by Barry Callebaut), 1 × 

1010 cfu probiotic Lactobacillus rhamnosus GG (LGG), a combination of probiotic LGG 

and cocoa powder, and a maltodextrin fiber control diet. After four weeks of diet, pigs were 
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orally inoculated with infective A. suum eggs (1 x 104) and continued with three more 

weeks of diet. Fecal samples were collected at week zero (baseline), four weeks after 

initiation of dietary intervention, and seven weeks after dietary intervention along with the 

last three weeks of infection with Ascaris suum. DNA was extracted from fecal samples 

using the QIAamp DNA stool kit. 10 ng of extracted DNA was amplified using length 

heterogeneity PCR (LH-PCR) fingerprinting. The quality of PCR products was determined 

and sequenced on a Personal Genome Machine using Ion Torrent technology. Universal 

primers (forward primer 27F’ (5′-AGAGTTTGATCCTGG CTCAG-3′) and reverse primer 

355R’ (5′-GCTGCCTCCCGTAGGAGT-3′)) for bacteria were used to amplify the first 

two variable regions V1 and V2 of the 16S ribosomal DNA (rDNA). Raw reads were 

demultiplexed with the custom perl script. QIIME pipeline was used to define OTUs and 

for diversity analysis. The RDP11 Bayesian Classifier was used to identify the taxa present 

in each sample by classifying the sequences against version 11 of the Ribosomal Database 

Project (RDP). Alpha diversity indices such as Shannon Index, Chao1, and PD_whole_tree 

is used to characterize species diversity within each dietary intervention group. Beta 

diversity is used to characterize differences among dietary intervention groups where the 

distance matrix is constructed using the UniFrac method and the dissimilarity between 

treatment groups is evaluated by Principal Coordinate Analysis (PCoA) and visualized 

using Emperor. PICRUSt is used to predict metagenome functional content by normalizing 

OTUs for number of known 16S rRNA gene copies. LEfSe, an algorithm for biomarker 

discovery, is used to identify enrichment or depletion of abundant taxa or function between 

dietary groups. Non-parametric Kruskal-Wallis statistical test was used to compute 
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differences among treatment groups and then paired Wilcoxon Rank sum tests among 

subgroups. Alpha values (α) of 0.05 were used for the Kruskal-Wallis rank sum test and 

Wilcoxon Rank sum tests, and a threshold of >2.0 for logarithmic LDA score. Histograms 

or cladograms were plotted to show significantly different metabolic functions or taxa 

between dietary groups. Correlational network analysis and Cytoscape was used to 

understand the relationships between the microbiota data before and after four weeks of 

dietary treatment.  

3.3 Results 

A total of 1,400,759 raw sequences were obtained for 94 samples from Ion Personal 

Genome Machine (PGM) system. The QIIME pipeline was used for OTU picking steps. 

We obtained 93,900 OTUs with default parameter of 97% similarity. Table 1 shows the 

biom table summary (biom summary-table.py), it provides summary statistics such as the 

number of samples, the number of observations, the total count etc. for cocoa study. 

 

Table 1 Biom Summary for Cocoa Study 

Number of samples: 94 

Number of observations (OTUs): 93900 

Total count (sequences): 1400759 

  

Counts (seqs)/sample summary: 

 Min: 5658.0 

 Max: 33509.0 

 Median: 14137.000 

 Mean: 14901.691 

 Std. dev.: 5781.336 

 Sample Metadata Categories: None provided 

 Observation Metadata Categories: taxonomy 
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Alpha diversity- 

The Shannon diversity index showed that bacterial diversity significantly increased 

(p-value < 0.001, Wilcoxon rank sum test) in the probiotic LGG + cocoa powder treated 

pigs after four weeks of dietary intervention (Figure 1), whereas no significant change in 

bacterial diversity was observed in other diet groups.  

 

 

Figure 1. Shannon diversity in fecal microbiome derived from basal (week 0), week 4, and week 7 fecal samples 
collected from pigs fed with maltodextrin fiber control, cocoa powder, probiotic LGG, or probiotic LGG + cocoa 
powder diet.  (‘a’ indicate statistically significant differences) 

 

Chao1 and PD_whole_tree alpha diversity measures showed similar results (Figure 

2 and Figure 3). For both diversity measures, bacterial diversity significantly increased in 
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the maltodextrin fiber control group at week 7 when compared to week 0 (p-value < 0.005, 

Wilcoxon rank sum test) and week 4 (p-value < 0.002, Wilcoxon rank sum test). At four 

weeks of dietary intervention, probiotic LGG had a significant increase in bacterial 

diversity (p-value < 0.01, Wilcoxon rank sum test) than the cocoa group. At seven weeks 

of dietary intervention, the maltodextrin fiber control group had a significant increase in 

bacterial diversity (p-value < 0.002, Wilcoxon rank sum test) when compared to the cocoa 

group.  

 

  

Figure 2 Chao1 diversity in fecal microbiome derived from basal (week 0), week 4, and week 7 fecal samples 
collected from pigs fed with maltodextrin fiber control, cocoa powder, probiotic LGG, or probiotic LGG + cocoa 
powder diet. (a, b, c and d indicate statistically significant differences) 
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Figure 3 PD_whole_tree diversity in fecal microbiome derived from basal (week 0), week 4, and week 7 fecal 
samples collected from pigs fed with maltodextrin fiber control, cocoa powder, probiotic LGG, or probiotic LGG 
+ cocoa powder diet. (a, b, c and d indicate statistically significant differences) 

 

Beta diversity- 

When all the dietary treatment groups were compared at different time points (week 

0, week 4, and week 7), Principal Coordinate Analysis (PCoA) shows no separation of 

samples in different dietary groups at week 0 (basal) and week 7. Partial separation of 

samples is observed in some dietary groups at week 4 (Figure 4B).  
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Figure 4 PCoA plots comparing fecal bacterial diversity at baseline (week 0) (A), after dietary treatment at week 
4 (B), and after Ascaris suum infection along with dietary treatment at week 7 (C). Principal components (PC1, 
PC2 and PC3) explains the 56% of total variance in the data. 

 

After four weeks of diet intervention, a partial separation was observed in the fecal 

microbiome of pigs in control (4/7 pigs) (Figure 5A), probiotic LGG + cocoa (5/8 pigs) 

(Figure 5D), and probiotic LGG (5/7 pigs) (Figure 5C) group. A less clear separation 

pattern is observed in pigs supplemented with cocoa powder. In the cocoa group (5/7 pigs), 

some samples seemed to be separated along the dotted line (Figure 5B). 
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Figure 5 PCoA plots comparing fecal bacteria diversity at baseline (week 0) and after treatment (week 4) in 
maltodextrin fiber control (A), cocoa powder (B), probiotic LGG (C), and probiotic LGG +cocoa powder (D) diets.  
Principal components (PC1, PC2 and PC3) explains the 56% of total variance in the data. 

 

After seven weeks of diet intervention along with two weeks of A. suum infection, 

probiotic LGG group (3/8 pigs) (Figure 6C) is the only group that shows some separation 

in the fecal microbiome of pigs. Partial separation that was observed at week 4 in the fecal 

microbiome of pigs in control, cocoa, and probiotic LGG + cocoa group was lost at week7.  
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Figure 6 PCoA plots comparing fecal bacteria diversity at baseline (week 0), after treatment at week 4, and after 
Ascaris suum infection along with dietary treatment at week 7 in maltodextrin fiber control (A), cocoa powder (B), 
probiotic LGG (C), and probiotic LGG + cocoa powder (D). Principal components (PC1, PC2 and PC3) explains 
the 56% of total variance in the data. 

 

Bacteroidetes to Firmicutes (B: F) ratio - 

Bacteroidetes to Firmicutes (B: F) ratio significantly increased (p<0.05, Wilcoxon 

rank test) in fecal samples after four weeks of dietary treatment in the maltodextrin fiber 

control (r=0.29 vs r=0.92), cocoa (r=0.25 vs r=0.52), and in the probiotic LGG + cocoa 

(r=0.25 vs r=0.74) group. Significant change in the B:F ratio was not detected in pigs 

treated with probiotic LGG for four weeks (r=0.26 vs r=0.34). Bacteroidetes to Firmicutes 

(B: F) ratio did not change significantly in any dietary treatment groups at week 7 when 

compared to week 4 or basal (week 0) fecal samples (p<0.05, Wilcoxon rank test) (Table 

2). 

 

Probiotic (LGG) Probiotic LGG + Cocoa
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Table 2 Bacteroidetes to Firmicutes ratio at week 0, week 4, and week 7 for cocoa study. 

Time /Treatment Week 0 week 4 week 7 

Control/Maltodextrin  0.294 0.924 0.413 

Cocoa 0.253 0.525 0.417 

Probiotic LGG 0.263 0.345 0.336 

Probiotic LGG+ cocoa 0.254 0.747 0.284 

 

Taxa analysis using LEfSe- 

 Multi-class (all-against -all) taxa abundance analysis with LEfSe showed no other 

differences in bacterial families among dietary groups at baseline week 0, except for the 

probiotic LGG group where family Streptococcaceae was enriched and for probiotic LGG 

+cocoa group where family Erysipelotrichaceae was enriched. Multi-class analysis at 

week 4 showed that phylum Firmicutes significantly enriched (LDA scores > 2) in the 

cocoa group, which included order Clostridiales family Lachnospiraceae (genus Dorea) 

within class Clostridia, and order Lactobacillales family Lactobacillaceae within class 

Bacilli. In the maltodextrin fiber control group, phylum Bacteroidetes significantly 

increased which included order Bacteriodales (families Rikenellaceae, 

Porphyromonadaceae) within class Bacteroidia, and order Flavobacteriales (family 

Cryomorphaceae) within class Flavobacteria. In the probiotic LGG group, Firmicutes 

significantly increased which included order Lactobacillales family Streptococcaceae. In 

probiotic LGG +cocoa group, phylum Bacteroidetes significantly increased which included 

order Bacteriodales (families Bacteroidaceae, Marinilabiaceae), order Flavobacteriales 

(family Flavobacteriaceae), order Sphingobacteriales (family Cytophagaceae). Multi-

class analysis at week 7 shows that within the Firmicutes family Lachnospiraceae remains 
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enriched in the cocoa group. In the maltodextrin fiber control group, new orders 

Erysipelotrichales (family Erysipelotrichaceae) and Clostridiales (family 

Ruminococcaceae, Lachnospiraceae (genus Coprococcus)), and Bacteriodales (family 

Porphyromonadaceae (genus Parabacteroides)) were enriched at week 7. In the probiotic 

LGG group at week 7, new order Sphingobacteriales (family Sphingobacteriaceae) was 

enriched, and order Lactobacillales (family Lactobacillaceae (genus Lactobacillus), 

Streptococcaceae) was maintained. In the probiotic LGG + cocoa group, at week 7, order 

Bacteriodales (families Bacteroidaceae) was maintained, and new order Clostridiales 

(family Lachnospiraceae genus Dorea) and Aeromonadales (family Succinivibrionaceae) 

were enriched. 

Longitudinal analysis was done by comparing basal (week 0) fecal samples with 

week 4 and week 7 fecal samples. In maltodextrin fiber control group after four weeks of 

diet (Figure 7A), enrichment of Order Bacteriodales (families Marinilabiaceae, 

Prevotellaceae, Rikenellaceae, Porphyromonadaceae (genus Parabacteriodes), 

Flavobacteriales (family Cryomorphaceae), Spirochaetales (family Spirochaetaceae 

(genus Treponema), and Fibrobacteriales (family Fibrobacteraceae (genus Fibrobacter) is 

observed. After seven weeks of maltodextrin fiber control diet along with two weeks of 

infection (Figure 7B), Orders Bacteriodales (families Bacteroidaceae (genus Bacteroides), 

Porphyromonadaceae (genus Parabacteriodes)), Sphingobacteriales (family 

Cyclobacteriaceae), and Spirochaetales (family Spirochaetaceae) are enriched. Firmicutes 

belonging to order Clostridiales (family Lachnospiraceae and Ruminococcaceae, and 

genus Anaerovorax) and order Erysipelotrichales (family Erysipelotrichaceae) were also 
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enriched. Proteobacteria such as Succinivibrionaceae (genus Succinivibrio) is observed. 

Family Spirochaetaceae and Synergistaceae are also observed.  

 

 

A
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Figure 7 LEfSe taxa abundance analysis shown as cladogram after treatment at week 4 (A) and week 7 (B) in the 
maltodextrin fiber control diet.  Red indicates taxa greater in Basal malto, Green indicates taxa greater after 
treatment at week 4 (A) and week 7 (B). All LDA scores greater than 2. (Solano-Aguilar, et al., 2018) 

 

After four weeks of cocoa diet (Figure 8A), an enrichment of Order Bacteriodales 

(family Marinilabiaceae, Prevotellaceae, Bacteroidaceae (genus Bacteriodes)), 

Sphingobacteriales (Family Flammeovirgaceae and Cytophagaceae) is observed. 

Firmicutes involved in fermentative metabolism, like Roseburia, Dorea, and Anaerovorax 

were also enriched in fecal samples from pigs treated with cocoa. Actinobacteria such as 

Bifidobacterium is enriched too. After seven weeks of cocoa diet along with two weeks of 

infection (Figure 8B), enrichment of Order Bacteriodales (families Bacteroidaceae, 

B
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Porphyromonadaceae) is observed. Proteobacteria such as Succinivibrio is also enriched. 

Firmicutes such as Dorea and Anaerovorax is maintained at week 7 after infection.  

 

 

A
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Figure 8 LEfSe taxa abundance analysis shown as cladogram after treatment at week 4 (A)and week 7 (B) in the 
cocoa diet. Red indicates taxa greater in Basal cocoa, Green indicates taxa greater after treatment at week 4 
(A)and week 7 (B). All LDA scores greater than 2. (Solano-Aguilar, et al., 2018) 

 

In the probiotic LGG group, after four weeks of diet (Figure 9A), Order 

Bacteroidales (family Bacteroidaceae, Marinilabiaceae), Sphingobacteriales are enriched. 

Families such as Spirochaetaceae and Fibrobacteraceae are also observed. After seven 

weeks of probiotic LGG diet along with infection (Figure 9B), the orders Bacteroidales 

(family Marinilabiaceae), Sphingobacteriales (family Cyclobacteriaceae, Cytophagaceae, 

Flammeovirgaceae), and Spirochaetales (family Spirochaetaceae) are enriched.  

 

B
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Figure 9 LEfSe taxa abundance analysis shown as cladogram after treatment at week 4 (A) and week 7 (B) in the 
probiotic LGG diet. Red indicates taxa greater in Basal probiotic, Green indicates taxa greater after treatment at 
week 4 (A)and week 7 (B). All LDA scores are greater than 2. 

 

A

B
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In the probiotic LGG + cocoa group after week 4 (Figure 10A), an enrichment of 

Order Bacteriodales (Families Bacteroidaceae, Marinilabiaceae, Rikenellaceae, 

Porphyromonadaceae, Prevotellaceae), Sphingobacteriales (Family Flammeovirgaceae, 

Sphingobacteriaceae, Cytophagaceae), and Flavobacteriales (Family Flavobacteriaceae) 

is observed. Firmicutes such as Lachnospiraceae, Ruminococcaceae, and Veillonellaceae 

are enriched. Proteobacteria such as Desulfovibrionaceae and Succinivibrionaceae (genus 

Succinivibrio) are enriched. Spirochaetes such as Spirochaetaceae is also observed. 

Tenericutes such as Anaeroplasma is also observed. After seven weeks of probiotic LGG 

+ cocoa treatment along with A. suum infection (Figure 10B), Order Bacteriodales 

(Families Bacteroidaceae, Marinilabiaceae, Rikenellaceae is still enriched. Firmicutes 

such as Lachnospiraceae and Ruminococcaceae, and Proteobacteria such as 

Desulfovibrionaceae is still observed. Spirochaetaceae and Anaeroplasma are also 

enriched. New families such as Erysipelotrichaceae and Enterobacteriaceae are also 

observed.  
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Figure 10 LEfSe taxa abundance analysis shown as cladogram after treatment at week 4 (A) and week 7 (B) in the 
probiotic LGG + cocoa diet. Red indicates taxa greater in Basal probiotic-cocoa, Green indicates taxa greater 
after treatment at week 4 (A)and week 7 (B). All LDA scores are greater than 2. (Solano-Aguilar, et al., 2018) 

 

In all dietary treatment groups, Phylum Firmicutes (Order Lactobacillales and 

Clostridiales) was depleted in fecal samples at week 4 when compared to week 0. The 

Spirochaetales were present in fecal samples from pigs treated with all diets except cocoa 

at week 4, while the Fibrobacteriales were only present in control pigs. Bifidobacteriales 

were only enriched in samples from pigs treated with cocoa.  

B
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Correlational network analysis- 

To understand the correlation between features before and after cocoa treatment, 

we first calculated the correlation between all features in each class using a Spearman 

correlation with a 0.05 significance level, then the correlation difference between features 

in each pair of classes was calculated. Correlation differences at Family_Genus level, with 

p-values less than 0.01 were visualized using Cytoscape. Correlational network contained 

32 nodes and 27 edges with a total of 16 interaction that shifted from negative correlation 

at week 0 to the positive correlation at week 4 in the cocoa treatment (Blue) and 11 

interactions shifted from positive correlation at week 0 to negative (Red) correlation at 

week 4 in the cocoa treatment (Figure 11).  

 

 

Figure 11 Correlation differences between week 0 and week 4 cocoa diet. Blue edges indicate positive correlation 

and Red edges indicate negative correlation. Nodes color indicates correlation at the phylum level.  
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We also looked at the correlational network between week 0 and week 4 for 

probiotic LGG + cocoa treatment (Figure 12). It contained 33 nodes and 41 edges with a 

total of 26 interactions that shifted from negative correlation at week 0 to the positive 

correlation at week 4 (Blue) and 13 interactions that shifted from positive correlation at 

week 0 to negative (Red) correlation at week 4. 

 

 
Figure 12 Correlation differences between week 0 and week 4 probiotic-cocoa diet. Blue edges indicate positive 

correlation and Red edges indicate negative correlation. Node color indicates correlation at the phylum level.  

 

Functional analysis using LEfSe- 

Metagenomic functional pathways obtained from PICRUSt were organized into 

categories such as metabolism, genetic information processing, environmental information 

processing, cellular processes, organismal systems, and human diseases. Inferred 
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functional pathways from PICRUSt were further analyzed and visualized using LEFSe. 

Dietary treatment groups showed different distributions of metabolic pathways at different 

timepoints. Functional analysis with LEfSe showed no differences in functional pathways 

among dietary groups at baseline week 0. Following tables show metabolic pathways that 

increased among the groups at week 4 (Table 3) and week 7 (Table 4). 
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Table 3 Metabolic pathways affected among the dietary treatment groups at week 4 in the cocoa study.  All LDA 
scores are greater than 2. 

 

 

Picrust_Level 2 Pathways Picrust_Level 3 Pathways LDA score P value
wk4_cocoa
Carbohydrate Metabolism Pentose phosphate pathway 2.444428 0.004
Enzyme Families Peptidases 2.808225 0.035
Metabolism Metabolism of cofactors and vitamins 2.002801 0.034
wk4_malto
AminoAcid Metabolism Glycine, serine and threonine metabolism 2.552498 0.013
AminoAcid Metabolism Phenylalanine metabolism 2.300688 0.017
Biosynthesis of Other Secondary Metabolites Isoquinoline alkaloid biosynthesis 2.067353 0.006
Biosynthesis of Other Secondary Metabolites Phenyl propanoid biosynthesis 2.325751 0.02
Biosynthesis of Other Secondary Metabolites Tropane, piperidine and pyridine alkaloid biosynthesis 2.092146 0.009
Energy Metabolism Carbon fixation pathways in prokaryotes 2.765604 0.009
Energy Metabolism Nitrogen metabolism 2.50019 0.009
Energy Metabolism Oxidative phosphorylation 2.935858 0.031
Glycan Biosynthesis and Metabolism Glycosphingolipid biosynthesis 2.225746 0.042
Glycan Biosynthesis and Metabolism Other glycan degradation 2.617607 0.029
Lipid Metabolism Sphingolipid metabolism 2.284274 0.016
Metabolism of Cofactors and Vitamins Biotin metabolism 2.126202 0.035
Metabolism of Cofactors and Vitamins Nicotinate and nicotinamide metabolism 2.513379 0.035
Metabolism of Cofactors and Vitamins One carbon pool by folate 2.642552 0.045
Metabolism of Other AminoAcids beta_Alanine metabolism 2.375892 0.007
Metabolism of Other AminoAcids Cyanoaminoacid metabolism 2.394463 0.009
Metabolism of Terpenoids and Polyketides Polyketide sugar unit biosynthesis 2.181919 0.048
wk4_probiotic
Carbohydrate Metabolism Ascorbate and aldarate metabolism 2.482218 0.029
Carbohydrate Metabolism Galactose metabolism 2.759723 0.033
Carbohydrate Metabolism Glycolysis_Gluconeogenesis 2.666249 0.049
Carbohydrate Metabolism Pyruvate metabolism 2.627742 0.02
Enzyme Families Protein kinases 2.283666 0.031
Lipid Metabolism Fattyacid biosynthesis 2.421171 0.021
Lipid Metabolism Glycerolipid metabolism 2.592808 0.013
Metabolism of Other AminoAcids D_Alanine metabolism 2.012806 0.028
Metabolism of Terpenoids and Polyketides Tetracycline biosynthesis 2.356609 0.041
Xenobiotics Biodegradation and Metabolism Dioxin degradation 2.218932 0.011
Xenobiotics Biodegradation and Metabolism Xylene degradation 2.048688 0.011
wk4_probiotic-cocoa
AminoAcid Metabolism Histidine metabolism 2.64307 0.026
AminoAcid Metabolism Lysine biosynthesis 2.372263 0.038
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Table 4 Metabolic pathways affected among the dietary treatment groups at week 7 in the cocoa study. All LDA 
scores are greater than 2. 

 

 

Longitudinal analysis was done after four weeks of dietary treatment, sixty-eight 

biological pathways were inferred in control maltodextrin fiber control group with LDA 

score >2. Pathways included metabolism of amino acid (alanine, aspartate, glutamate, 

glycine, serine, threonine & phenylalanine), carbohydrate (citrate TCA cycle, starch 

&sucrose), lipid (sphingolipid), energy, glycan, cofactors/vitamins (biotin, nicotinate, 

nicotinamide, ubiquinone, terpenoid quinone & vitamin B6), and biosynthesis pathways 

for glycans (glycosphingolipid & lipopolysaccharide) and other secondary metabolites 

(butirosin, neomycin & phenylpropanoid). Pathways for cellular processes, genetic 

information processing, environmental information processing, organismal systems, and 

human diseases were also present. After seven weeks of maltodextrin treatment along with 

last two weeks of A. suum infection, only nine biological pathways were present. Pathways 

included metabolism of energy, carbohydrate (fructose, mannose, pentose-phosphate, 

starch, sucrose, pentose, and glucuronate interconversion), amino acid (glycine, serine, & 

threonine). Pathways also included biosynthesis of amino acids such as phenylalanine, 

Picrust_Level 2 Pathways Picrust_Level 3 Pathways LDA score P value
wk7_cocoa
Carbohydrate Metabolism Starch and sucrose metabolism 2.04296 0.035
Metabolism of Other AminoAcids Cyano aminoacid metabolism 2.01442 0.029
Biosynthesis of Other Secondary Metabolites 2.16631 0.005
wk7_malto
AminoAcid Metabolism Lysine biosynthesis 2.06546 0.014
AminoAcid Metabolism Phenylalanine, tyrosine and tryptophan biosynthesis 2.28347 0.043
Energy Metabolism Carbon fixation in photosynthetic organisms 2.0714 0.009
wk7_probiotic-cocoa
Lipid Metabolism Glycerophospholipid metabolism 2.02861 0.015
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tyrosine, tryptophan, valine, leucine, and isoleucine. See Appendix I for LEFSe histograms 

comparing basal and after seven weeks of maltodextrin treatment. 

The functional metagenome analysis using PICRUSt and LEfSe showed that total 

of thirteen biological pathways were present with LDA score >2 in the cocoa group after 

four weeks of treatment (Figure 13A). Pathways for energy metabolism, metabolism of 

cofactors/vitamins (nicotinate and nicotinamide), and metabolism of terpenoids/polyketide 

were present after four weeks of cocoa treatment. After seven weeks of cocoa treatment 

along with the last two weeks of A. suum infection, only eight biological pathways were 

present (Figure 13B). Pathway included for energy metabolism, amino acid metabolism 

(histidine, alanine, aspartate, and glutamate), and carbohydrate metabolism (fructose, 

mannose, pentose and glucuronate interconversion). 
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Figure 13 LEfSe functional pathway analysis shown as histogram after cocoa treatment at week 4 (A) and week 7 
(B).  Red indicates more abundant in Basal and Green indicates more abundant after cocoa treatment. 

 

 



44 

 

 

 

For probiotic LGG + cocoa group, twenty nine biological pathways with LDA score 

>2 were present such as metabolism pathway for amino acid (alanine, aspartate, glutamate, 

glycine, serine, threonine, histidine, alanine & phenylalanine), carbohydrate (glyoxylate 

and dicarboxylate) lipid, energy, glycan, cofactors/vitamins (biotin, nicotinate, 

nicotinamide and pantothenate and CoA biosynthesis) and biosynthesis pathways of 

glycans, amino acids, (phenylalanine, tyrosine, and tryptophan) and other secondary 

metabolites (phenylpropanoid). In the probiotic LGG + cocoa group, xenobiotics 

biodegradation and metabolism pathways were also observed (Figure 14). No significantly 

different functional pathways were observed in the probiotic LGG + cocoa group at week 

7 when compared to baseline samples. 
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Figure 14 LEfSe functional pathway analysis shown as histogram after probiotic LGG + cocoa treatment at week 
4.  Red indicates more abundant in Basal and Green indicates more abundant after probiotic-cocoa treatment. 
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For probiotic LGG group, after four weeks of dietary treatment, only three 

biological pathways were present (Figure 15A) with LDA score >2. Two pathways were 

for carbohydrate metabolism (fructose & mannose metabolism, pentose & glucuronate 

interconversions) and one for amino acid metabolism (valine, leucine, and isoleucine 

biosynthesis). After seven weeks of dietary intervention along with two weeks of A. suum 

infection, biological pathways for carbohydrate metabolism (pentose & glucuronate 

interconversions) and for amino acid metabolism (valine, leucine, and isoleucine 

biosynthesis) (Figure 15B) were present. No significant changes were observed in the 

probiotic LGG group between 4 and 7 weeks of treatment.  

 

 

Figure 15 LEfSe functional pathway analysis shown as histogram after probiotic LGG treatment at week 4 (A) 
and week 7 (B). Red indicates more abundant in Basal and Green indicates more abundant after probiotic LGG 
treatment. 
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3.4 Discussion 

In this study, pig diet was supplemented with cocoa powder at a comparable amount 

as reported in humans (Tzounis, et al., 2011) to determine its effect on changes in the 

composition of the gut microbiome. Analysis shows that flavanol enriched cocoa diet with 

and without probiotic changed the microbiome composition and function in pigs. 

Treatment with cocoa powder increased the Bacteroidetes: Firmicutes ratio due to 

reduction in Firmicutes and concomitantly increase in Bacteroidetes. Fecal samples from 

pigs treated with cocoa powder showed an enrichment of Order Bacteriodales, 

Bifidobacteriales, Sphingobacteriales, and Anaeroplasmatales. LEfSe analysis shows 

enrichment of some member of order Clostridiales family Lachnospiraceae (genus 

Roseburia, Dorea, and Anaerovorax) involved in colonic fermentation of dietary fibers. 

Lachnospiraceae is involved with the production of short chain fatty acids (SCFA) in the 

gut including acetate, butyrate, and propionate, that can be used for energy by the host. 

Roseburia is a butyrate-producing bacterium and is considered important for gut health, as 

it is the major source of energy to the colonic mucosa and an important regulator of gene 

expression, inflammation, differentiation, and apoptosis in host cells (Hamer, et al., 2008). 

PICRUSt analysis also showed an increase in energy metabolism, metabolism of 

cofactors/vitamins (nicotinate and nicotinamide), and metabolism of 

terpenoids/polyketide. Correlation network analysis shows that after four weeks of the 

cocoa diet, Erysipelotrichaceae_Turicibacter had the most positive correlations with 

families Ruminococcaceae, Rikenellaceae, Porphyromonadaceae, Flammeovirgaceae, 

Synergistaceae, and Coriobacteriaceae. Interestingly, the correlation between 
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Lactobacillaceae_Lactobacillus and Veillonellaceae_Acidaminococcus shifted from 

negative correlation at week 0 to positive correlation at week 4 with the cocoa diet. 

Fecal samples from pigs fed with cocoa powder showed an enrichment of 

Bifidobacterium, similar to a study in humans where four weeks daily ingestion of a high–

cocoa flavanol beverage significantly increased the growth of Bifidobacterium (Tzounis, 

et al., 2011). Therefore, our study provides evidence supporting the enhancement of 

beneficial microbial populations in response to a diet with cocoa powder that has been 

previously described. 

This study also provides evidence of synergistic effects of feeding cocoa along with 

probiotic in the diet. Pigs fed with probiotic LGG + cocoa had significantly higher fecal 

microbiome and metabolic function diversity indicating that probiotic LGG may enhance 

the beneficial effect of cocoa flavanols. Shannon diversity index showed that bacterial 

diversity significantly increased after four weeks (p-value < 0.001, Wilcoxon rank sum 

test) in the probiotic LGG + cocoa treated pigs. Beta diversity and PCoA analysis also 

showed that fecal bacterial diversity changed in the probiotic LGG + cocoa group after four 

weeks of dietary treatment. Bacteroides to Firmicutes ratio also increased in pigs fed with 

the probiotic LGG + cocoa. LEfSe analysis showed enrichment of families from phylum 

Bacteroidetes such as Bacteroidaceae, Marinilabiaceae, Rikenellaceae, and from phylum 

Firmicutes such as Lachnospiraceae and Ruminococcaceae. Members of the family 

Lachnospiraceae and Ruminococcaceae have been linked with numerous health benefits 

including cellulolytic activity, production of SCFAs, modulating gut health, and having 

anti-inflammatory effects (Biddle, Stewart, Blanchard, & Leschine, 2013). Correlation 
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network analysis shows that after four weeks of probiotic LGG + cocoa diet, 

Veillonellaceae_Mitsuokella has the most positive correlations with families 

Cryomorphaceae, Porphyromonadaceae, Sphingobacteriaceae, Ruminococcaceae, 

Cytophagaceae, Lachnospiraceae_Roseburia, Spirochaetaceae, and Flammeovirgaceae. 

Members of family Lachnospiraceae (genus Roseburia and Dorea) show a positive 

correlation with families Ruminococcaceae, Coriobacteriaceae, Sphingobacteriaceae and 

Veillonellaceae after four weeks of probiotic LGG + cocoa diet. 

PCoA analysis shows that probiotic LGG is the only diet where very clear 

separation or change in bacterial diversity is observed in the fecal microbiome of pigs 

(Figure 6C) after seven weeks of diet intervention along with two weeks of A. suum 

infection. Pigs inoculated with A. suum show a characteristic immediate-type 

hypersensitivity reaction in the lungs. Probiotic treatment decreased the severity of allergic 

skin and lung responses in pig models (Solano-Aguilar G. , et al., 2009). Probiotic 

supplementation with Lactobacillus rhamnosus HN001 has previously been shown to 

decrease the severity of lung responses to Ascaris allergens in sensitized pigs (Thomas, et 

al., 2011). Probiotic Bifidobacterium lactis subspecies animalis and Lactobacillus 

rhamnosus GG have also been shown to reduce Ascaris suum-induced eosinophil activity. 

Bifidobacterium animalis subspecies lactis (Bb12) can alter local immune responses and 

improve intestinal function during a nematode infection in the pigs without compromising 

normal parasite expulsion (Solano-Aguilar G. , et al., 2018). Probiotic Lactobacillus 

rhamnosus LGG supplementation could be used as an alternative disease control approach 
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either as a prophylactic or therapeutic application, especially with the increasing 

emergence of anthelmintic drug resistance.  



51 

 

 

 

4. EFFECT OF FEEDING AGARICUS BISPORUS MUSHROOM IN DIET 

4.1. Introduction 

Agaricus bisporus or white button mushroom is the most cultivated and consumed 

mushroom worldwide. It is a food source with high nutritional values, being high in protein 

and low in fat and sugar content. White button mushroom also contains many bioactive 

compounds such as polysaccharides, glycoprotein, lipids, and secondary metabolites such 

as lignins, triperpenes and phenolic compounds that have a broad spectrum of 

pharmacological activities (Lindequist, Niedermeyer, & Jülich, 2005). In many countries, 

mushrooms have been used as a health food and for medicinal purposes for centuries. 

Mushrooms have been used as a supplement in various forms of preparations, such as 

powders, tonics, teas and soups to prevention and cure inflammation, cancer, hypertension, 

diabetes, obesity, atherosclerosis (Amirullah, Abidin, & Noorlidah, 2018), and other 

diseases.  

Mushrooms contain various carbohydrates including polysaccharides such as β-

glucan, α-glucan chitin, hemicelluloses, mannans and xylan (Dikeman, Bauer, Flickinger, 

& Fahey, 2005) that may improve laxation, stimulate short-chain fatty acid (SCFA) 

production, and impact gut microbial populations. Mushroom polysaccharides have been 

one of the most studied and shown to have immunomodulatory, antitumor, and 

antioxidative properties (Huang & Nie, 2015). Polysaccharides isolated from mushrooms 

such as Ganoderma and L. edodes are shown to be immune modulators. Glucan extracted 

from L. edodes regulate nitric oxide (NO) production, TNF-α, and IL-6 levels in LPS-
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stimulated RAW 264.7 cells (Xu, Yan, & X., 2012). Similarly, polysaccharides extracted 

from Ganoderma sinense and Ganoderma lucidum is also shown to have an immune-

modulating effect but mainly through activation of TLR4 signaling pathway (Li, et al., 

2018). 

Out of more than 2000 different kinds of mushrooms, about 20 species are used to 

prevent inflammation. AndoSan™, a mixed extract from basidiomycetes mushrooms has 

been used to alleviate IBD patients’ inflammatory symptoms. After 12 days of AndoSan™, 

a significant decrease of pro-inflammatory cytokines in plasma was observed (Forland, 

Saetre, Lyberg, Lygren, & Hetland, 2011). AndoSan™ has also been applied in another 

randomized placebo-controlled study where limited anti-inflammatory effects were 

observed in UC and CD patients (Therkelsen, Hetland, Lyberg, Lygren, & Johnson, 2016). 

Andosan™ has also been shown to protects against intestinal tumorigenesis in mice A/J 

Min/+ mice where Andosan™ fed mice had a significantly lower number of 

adenocarcinomas in the intestines, as well as a 60% significant reduction in intestinal tumor 

load compared to control (Hetland, et al., 2016). Feeding white button mushroom has also 

shown to reduce colitis symptoms in C57BL/6 mice where C. rodentium infection reduced 

possibly due to alterations in the composition of the microbial flora. Compared to control 

feeding, white button mushroom feeding increased the microflora diversity and reduced 

potentially pathogenic (e.g., Clostridia) bacteria in the GI tract (Varshney, et al., 2013). 

Anti-inflammatory effect was also observed in pigs fed with WB mushrooms with a 

significant reduction of IL1β gene expression and cytokine production in LPS-stimulated 

alveolar macrophages (Solano-Aguilar, et al., 2018). 
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The Agaricus bisporus mushroom consumption also affects the intestinal 

microbiota composition, performance, and morphology, and antioxidant levels of turkey 

poults. This study suggests that 20 g/kg feed of Agaricus bisporus not only improved both 

growth performance and antioxidant activity of turkey poults but also significantly 

increased the number of lactic acid-producing bacteria such as Lactobacillus spp., 

Bifidobacterium spp. in ileum and caecum. (Giannenasa, Tsalie, & Chronisc, 2011). 

Anti-obesogenic effects have also been described for some mushrooms. It has been 

shown that Agaricus bisporus supplementation reduces high-fat diet-induced body weight 

gain and fatty liver development in C57BL/6J mice (Iñiguez, et al., 2018). Soluble 

polysaccharides extracted from Pleurotus eryngii have also been shown to have anti-

obesity and LDL cholesterol-lowering effects in obese mice through increased excretion 

of bile acids and lipids and altered microbiota (Nakahara, et al., 2019). In another study, 

water extract of Ganoderma lucidum mycelium (WEGL) and high molecular weight 

polysaccharides (>300 kDa) isolated from the WEGL extract showed reduction in body 

weight, inflammation and insulin resistance in mice fed with a high-fat diet (HFD). Results 

from this study indicated that WEGL not only reverses HFD-induced gut dysbiosis but also 

maintains intestinal barrier integrity and reduces metabolic endotoxemia. This study also 

suggests G. lucidum and its high molecular weight polysaccharides can be used as prebiotic 

agents to prevent gut dysbiosis and obesity-related metabolic disorders in obese individuals 

(Chang, et al., 2015). Nondigestive property of these polysaccharides and the ability to 

promote beneficial bacteria growth in the colon make mushrooms a potential source of 

prebiotics (Aida, Shuhaimi, Yazid, & Ghani, 2009).   
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Despite being a good source of dietary fiber, white button mushroom has not been 

extensively studied. The presence of polysaccharides and bioactive compounds suggests 

that it may modulate the gut microbiome and stimulate short-chain fatty acid (SCFA) 

production. The objective here is to evaluate the prebiotic effect of the white bottom 

mushroom, Agaricus bisporus. Changes in intestinal microbiota composition and function 

will determine the prebiotic potential of mushroom. To see these changes different servings 

of mushroom were supplemented in the diet. The effect is also determined in combination 

with and without probiotic Lactobacillus casei fed to pigs. 

4.2. Materials and Methods 

To evaluate the effect of different servings of mushroom, thirty-one six-week-old 

pigs were fed with a grower diet or a diet supplemented with either three or six servings of 

freeze-dried white button mushrooms (To-Jo Mushrooms, Inc.) for six weeks. Three and 

six servings are equivalent to 75g and 150g of fresh WB mushrooms fed to a human, 

respectively. In the second study, the effect of feeding mushroom was evaluated in 

combination with and without probiotic Lactobacillus casei where four groups of either 

seven or eight pigs were fed with grower diet, growth diet supplemented with six servings 

of mushroom, 1 × 1010 cfu probiotic Lactobacillus casei, or a combination of mushroom 

powder and probiotic Lactobacillus casei for six weeks. From both studies, fecal samples 

were collected at baseline (1st fecal) and after six weeks of dietary intervention (3rd fecal). 

Proximal colon content was also collected at the end of the dietary intervention. QIAamp 

DNA stool kit was used to extract the DNA from fecal samples. Extracted DNA was 

amplified by using length heterogeneity PCR (LH-PCR) fingerprinting. The quality of the 
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PCR products was determined. Sequencing was done on a Personal Genome Machine using 

universal primers (forward primer 27F’ and reverse primer 355R’) for bacteria to amplify 

the first two variable regions V1 and V2 of the 16S rDNA. Sequences were demultiplexed 

and then passed through the QIIME pipeline to define OTUs and for diversity analysis. 

Alpha diversity indices such as Shannon Index, Chao1, and PD_whole_tree was used to 

characterize species diversity within the dietary intervention group, and beta diversity was 

used to characterize differences among the dietary intervention groups. The dissimilarity 

between treatment groups was evaluated by Principal Coordinate Analysis (PCoA) and 

visualized using Emperor. Metagenomic functions were predicted using PICRUSt by 

normalizing OTUs with 16S rRNA gene copies. LEfSe was used to identify enrichment or 

depletion of abundant taxa or function between dietary groups. Non-parametric Kruskal-

Wallis statistical test and paired Wilcoxon Rank sum tests with alpha values (α) of 0.05 

was used to compute differences among treatment groups and subgroups. The significantly 

different metabolic functions or taxa between dietary groups was plotted either as 

histograms or cladograms. Correlational network analysis was also used to understand the 

relationships between the microbiota before and after six weeks of diet and Cytoscape was 

used to visualize the microbiota interactions that changed after six weeks of diet. 

4.3. Results 

A total of 1,472,944 raw sequences was obtained using Ion Personal Genome 

Machine (PGM) system from 93 samples collected from the mushroom study I, where 

different servings of mushroom was supplemented in diet. QIIME pipeline was used for 

OTU picking. We obtained 104,291 OTUs with default parameter of 97% similarity. For 
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mushroom study II, in which the effect of mushroom diet in combination with and without 

probiotic is studied, a total of 958,351 raw sequences was obtained from 94 samples using 

Ion Personal Genome Machine (PGM) system. We obtained 94,853 OTUs using QIIME 

OTU picking with default parameter of 97% similarity. Table 5 and Table 6 show the biom 

table summary (biom summary-table.py) for mushroom study I and mushroom study II 

respectively. It provides summary statistics such as the number of samples, the number of 

observations, the total count etc. 

 

Table 5 Biom Summary for Mushroom Study I  

Number of samples: 93 

Number of observations (OTUs): 104291 

Total count (sequences): 1472944 

  

Counts (seqs)/sample summary: 

 Min: 5856.0 

 Max: 44598.0 

 Median: 15089.000 

 Mean: 15838.108 

 Std. dev.: 7247.082 

 Sample Metadata Categories: None provided 

 Observation Metadata Categories: taxonomy 
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Table 6 Biom Summary for Mushroom Study II 

Number of samples: 94 

Number of observations (OTUs): 94853 

Total count (sequences): 958351 

  

Counts(seqs)/sample summary: 

 Min: 3438.0 

 Max: 18045.0 

 Median: 10174.500 

 Mean: 10195.223 

 Std. dev.: 2165.807 

 Sample Metadata Categories: None provided 

 Observation Metadata Categories: taxonomy 

 

Alpha diversity for mushroom study I- 

Shannon diversity index shows that bacterial diversity significantly decreased (p-

value < 0.005, Wilcoxon rank sum test) after six weeks in the 3rd fecal sample when 

compared to 1st fecal sample in the control diet, three servings, and six servings of 

mushroom diet (Figure 16). No other diet induced changes in alpha diversity were detected 

by Chao1 or PD_whole_tree diversity indexes (Figure 17 and Figure 18). 
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Figure 16 Shannon diversity in fecal microbiome derived from baseline (1st fecal), week 6 (3rd fecal), and week 6 
proximal colon samples collected from pigs fed with control, 3 servings of mushroom, and 6 servings of mushroom. 
(a, b, and c) indicate statistically significant differences) 
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Figure 17 Chao1 diversity in fecal microbiome derived from baseline (1st fecal), week 6 (3rd fecal), and week 6 
proximal colon samples collected from pigs fed with control, 3 servings of mushroom, and 6 servings of mushroom. 
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Figure 18 PD_whole_tree diversity in fecal microbiome derived from baseline (1st fecal), week 6 (3rd fecal), and 
week 6 proximal colon samples collected from pigs fed with control, 3 servings of mushroom, and 6 servings of 
mushroom. 

 

Alpha diversity for mushroom study II – 

Alpha diversity indices (Shannon, Chao1 and PD_whole_tree) show that bacterial 

diversity significantly increased (p-value < 0.005, Wilcoxon rank sum test) after six weeks 

of mushroom diet and mushroom+ L. casei diet (Figure 19, Figure 20 and Figure 21) in 

fecal and proximal colon samples.  
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Figure 19 Shannon diversity in fecal microbiome derived from baseline (1st fecal), week 6 (3rd fecal) and week 6 
proximal colon samples collected from Placebo, Pigs fed with 6 servings of mushroom, probiotic L. casei, and 6 
servings of mushroom along with L. casei. (a, b, c and d) indicate statistically significant differences) 
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Figure 20 Choa1 in fecal microbiome derived from baseline (1st fecal), week 6 (3rd fecal) and week 6 proximal 
colon samples collected from Placebo, Pigs fed with 6 servings of mushroom, probiotic L. casei, and 6 servings of 
mushroom along with L. casei. (a, b, c and d) indicate statistically significant differences) 
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Figure 21 PD_whole_ tree in fecal microbiome derived from baseline (1st fecal), week 6 (3rd fecal) and week 6 
proximal colon samples collected from Placebo, Pigs fed with 6 servings of mushroom, probiotic L. casei, and 6 
servings of mushroom along with L. casei. (a, b, c and d) indicate statistically significant differences) 

 

Beta diversity for mushroom study I – 

PCoA analysis shows that the distributions of fecal samples and proximal colon 

contents of pigs fed with control, three serving or six serving of mushroom diet clustered 

by time (Figure 22) but were not much affected by six weeks of dietary intervention (Figure 

23). 
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Figure 22 PCoA plots comparing fecal bacteria diversity at baseline (1st fecal, A), after week 6 (3rd fecal, B) and 
week 6 proximal colon samples (C) collected from pigs fed with control, 3 servings of mushroom, and 6 servings 
of mushroom. Principal components (PC1, PC2 and PC3) explains the 52% of total variance in the data. 

 

 

Figure 23 PCoA plots comparing fecal bacteria diversity in control diet (A), after 3 servings (B), and after 6 
servings (C) of mushroom diet. Principal components (PC1, PC2 and PC3) explains the 52% of total variance in 
the data. 
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Beta diversity for mushroom study II -   

PCoA analysis shows that the distributions of fecal samples and proximal colon 

contents of pigs fed with control (placebo), mushroom, probiotic L. casei, and mushroom 

+ L. casei diet did not cluster by time (Figure 24). Fecal bacterial diversity changed in pigs 

fed with mushroom and mushroom + L. casei diet. After six weeks of mushroom diet, six 

out of eight pigs showed separation in 3rd fecal sample and four out of eight pigs in 

proximal colon samples (Figure 25B). After six weeks of mushroom + L. casei diet, almost 

all samples in 3rd fecal samples and proximal colon samples separated from 1st fecal 

samples (Figure 25D). 

 

 

Figure 24 PCoA plots comparing fecal bacteria diversity at baseline (1st fecal, A), after week 6 (3rd fecal, B) and 
week 6 proximal colon samples (C) collected from Placebo, Pigs fed with 6 servings of mushroom, probiotic L. 
casei, and 6 servings of mushroom along with L. casei. Principal components (PC1, PC2 and PC3) explains the 
47% of total variance in the data. 
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Figure 25 PCoA plots comparing fecal bacteria diversity in Placebo (A), Pigs fed with 6 servings of mushroom(B), 
probiotic L. casei (C), and 6 servings of mushroom along with L. casei (D). Principal components (PC1, PC2 and 
PC3) explains the 47% of total variance in the data. 

 

B/F ratio for mushroom study I – 

Bacteroidetes to Firmicutes (B: F) ratio significantly decreased (p<0.05, Wilcoxon 

rank test) after six weeks of dietary treatment in control, three servings of mushroom, and 

in six servings of mushroom group (Table 7). 

 

Table 7 Bacteroidetes to Firmicutes ratio at week 0, week 6, and proximal colon samples for mushroom study I. 

Time/Treatment Week 0 Week 6 Proximal Colon 

Control 0.933 0.338 0.553 

3 Servings 0.937 0.327 0.446 

6 Servings 1.185 0.309 0.565 

C

MushroomA

L. casei Mushroom + L. caseiD

Placebo B
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B/F ratio for mushroom study II – 

Bacteroidetes to Firmicutes (B: F) ratio significantly increased (p<0.05, Wilcoxon 

rank test) in fecal (r=0.84 vs r=1.05) and in proximal colon (r=0.84 vs r=1.10) after six 

weeks of mushroom diet. Significant changes in the B:F ratio was not detected in the 

control group, L. casei, and mushroom + L. casei group (p<0.05, Wilcoxon rank test) 

(Table 8). 

 

Table 8 Bacteroidetes to Firmicutes ratio at week 0, week 6, and proximal colon samples for mushroom study II. 

Time/Treatment Week 0 Week 6 Proximal Colon 

Placebo control 0.924 0.997 0.971 

L. casei 1.229 1.077 0.798 

Mushroom 0.849 1.057 1.106 

Mushroom + L. casei 0.997 1.054 0.923 

 

Taxa Diversity for mushroom study I – 

Multi-class (all-against -all) taxa abundance analysis with LEfSe showed no 

differences in bacterial families among dietary groups in fecal samples at week 0 and in 

proximal colon samples at week 6. Multi-class analysis of week 6-3rd fecal samples shows 

that family such as Ruminococcaceae (genus Oscillibacter) and Porphyromonadaceae 

(genus Parabacteroides) was significantly increased in six servings when compared to 

three servings or control group. Pairwise analysis between control and three servings of 

mushroom diet at week 6 from 3rd fecal sample (Figure 26A) shows that families such as 
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Porphyromonadaceae (genera Parabacteroides, Barnesiella), Lachnospiraceae (genera 

Lachnobacterium, Eisenbergiella, Fusicatenibacter), and Ruminococcaceae (genera 

Oscillibacter and Sporobacter) is enriched and Bifidobacteriaceae (genus Bifidobacteria) 

within the phylum Actinobacteria were depleted. Pairwise analysis between control and six 

servings of mushroom diet (Figure 26B) shows increase in few more families such as 

Cryomorphaceae (genus Fluviicola), Lachnospiraceae (genus Robinsoniella), and 

Ruminococcaceae (genera Ruminococcus, Anaerotruncus, and Butyricicoccus) along with 

a decrease in Bifidobacteriaceae (genus Bifidobacteria). Comparison between three and 

six servings of mushroom diet (Figure 26C) indicates enrichment of Porphyromonadaceae 

(genus Parabacteroides), Flammeovirgaceae (genus Limibacter), Cryomorphaceae 

(genus Fluviicola), and Ruminococcaceae (genus Oscillibacter). A comparison of 

microbiota composition in the proximal colon contents of three and six servings mushroom 

showed enrichment of Marinilabiaceae, Porphyromonadaceae (Butyricimonas), and some 

members from Prevotellaceae (Prevotella, Hallella) within the order Bacteroidales. 

Among Firmicutes, Ruminococcaceae (genera Sporobacter, and Papillibacter) is enriched 

(Figure 26D).  
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Figure 26 LEfSe taxa abundance analysis shown as cladogram. Bacterial taxa in fecal microbiota of pigs fed with 
three servings of white button (WB) mushrooms vs. control (A), six servings of WB mushrooms vs. control (B), 
three servings vs. six servings (C) and colonic microbiota from pigs fed three and six servings of WB mushrooms 
(D).  (All LDA scores are greater than 2) (Solano-Aguilar, et al., 2018) 

 

Taxa Diversity for mushroom study II - 

Six serving of mushroom diet was further used in mushroom study II as it 

modulated a number of bacterial families in the mushroom study I. For mushroom study 

II, both multi-class (all-against -all) and pairwise taxa abundance analysis was performed 

using LEFSe. At week 6, 3rd fecal sample from the Placebo group showed Firmicutes 

significantly increased, which included family Peptostreptococcaceae (genus 

Clostridium), whereas 3rd fecal sample from mushroom group enriched family 

Lachnospiraceae (genus Roseburia) and Acidaminococcaceae (genus Succiniclasticum) 

D
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(Figure 27A). 3rd fecal sample from L. casei group showed enrichment of Actinobacteria 

such as Bifidobacterium, Bacteroidetes such as Marinilabiliaceae and 

Porphyromonadaceae (genus Tannerella), and Firmicutes such as Erysipelotrichaceae, 

Acidaminococcaceae (genus Succiniclasticum), and Lactobacillaceae (genus 

Lactobacillus) (Figure 27B). 3rd fecal sample from mushroom+L. casei group showed 

enrichment of Bacteroides such as Porphyromonadaceae (genus Parabacteroides), 

Firmicutes such as Lactobacillaceae (genus Lactobacillus), Ruminococcaceae (genus 

Clostridium IV), Acidaminococcaceae (genus Phascolarctobacterium and 

Succiniclasticum), Synergistetes such as Aminiphilus, and Spirochaetes such as 

Sphaerochaeta (Figure 27C).   
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Figure 27 LEfSe taxa abundance analysis shown as cladogram. Bacterial taxa in fecal microbiota of pigs at week 
six when fed with six servings of white button (WB) mushrooms vs. Placebo (A), L. casei vs. Placebo (B), and 
mushroom + L. casei vs. Placebo (C). (Green indicates taxa greater in Placebo and Red indicates taxa greater in 
mushrooms (A), L. casei (B), and mushroom + L. casei(C). All LDA scores are greater than 2.) 

 

At week 6, multi-class (all-against -all) analysis of all proximal colon samples did 

not show any significant discriminative feature. Pairwise analysis between proximal colon 

samples from placebo group and mushroom+L. casei showed enrichment of Firmicutes 

such as Veillonellaceae (genus Anaerovibrio), Clostridiaceae, Lactobacillaceae (genus 

Lactobacillus), and Lachnospiraceae (genus Roseburia) (Figure 28C). Proximal colon 

samples from L. casei group showed enrichment of Bifidobacterium (Figure 28B). 

C
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Proximal colon samples from mushroom group showed enrichment of Prevotellaceae 

(genus Alloprevotella) and Veillonellaceae (genus Mitsuokella) (Figure 28A).   
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Figure 28 LEfSe taxa abundance analysis shown as cladogram. Bacterial taxa in proximal colon of pigs at week 
six when fed with six servings of white button (WB) mushrooms vs. Placebo (A), L. casei vs. Placebo (B), and 
mushroom + L. casei vs. Placebo (C). (Green indicates taxa greater in Placebo and Red indicates taxa greater in 
mushrooms (A), L. casei (B), and mushroom + L. casei(C). All LDA scores are greater than 2.) 

 

For each diet groups, comparison between 1st fecal (week 0) and 3rd Fecal (week 6) 

samples was also performed. In the placebo group, number of bacterial taxa was enriched 

after six weeks of diet, Bacteroidetes such as Porphyromonadaceae (genus Butyricimonas 

and Proteiniphilum) and Rikenellaceae (genus Rikenella), Firmicutes such as 

Clostridiaceae, Peptostreptococcaceae, Lachnospiraceae (genus Fusicatenibacter, 

Howardella, Marvinbryantia), Erysipelotrichaceae (genus Turicibacter, Bulleidia). 

C
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Among Proteobacteria, Geobacteraceae (genus Geothermobacter), Succinivibrionaceae 

(genus Succinivibrio) was enriched. Among Spirochaetes, Spirochaetaceae (genus 

Sphaerochaeta, Treponema) was enriched. Among Synergistetes, Synergistaceae (genus 

Aminiphilus) was enriched. In L. casei group, Bifidobacteriaceae (genus Bifidobacterium), 

Cryomorphaceae, Veillonellaceae (genus Mitsuokella, Allisonella, Megasphaera), 

Spirochaetaceae (genus Sphaerochaeta) and Synergistaceae (genus Aminiphilus) was 

enriched. In mushroom group, among Bacteroidetes, families such as 

Porphyromonadaceae (Coprobacter, Barnesiella, Butyricimonas, Proteiniphilum, 

Tannerella), Prevotellaceae (Alloprevotella, Paraprevotella), Rikenellaceae (Rikenella), 

Cryomorphaceae (Fluviicola) is enriched. Among Firmicutes, Lachnospiraceae 

(Clostridium XlVa, Fusicatenibacter, Howardella, Lachnobacterium, Lachnospiracea, 

Lactonifactor, Marvinbryantia, Robinsoniella, Roseburia), Peptococcaceae 

(Peptococcus), Ruminococcaceae (Oscillibacter, Butyricicoccus, Faecalibacterium, 

Papillibacter), Erysipelotrichaceae (Turicibacter), Acidaminococcaceae 

(Phascolarctobacterium, Succiniclasticum), Veillonellaceae (Anaerovibrio, Allisonella) is 

enriched. Among Proteobacteria, Acetobacteraceae (Craurococcus), Succinivibrionaceae 

(Succinivibrio) is enriched. Other families such as Spirochaetaceae (Sphaerochaeta), 

Synergistaceae (Aminiphilus), Anaeroplasmataceae (Asteroleplasma) were also observed. 

See Appendix II for LEFSe histogram between 1st fecal (week 0) and 3rd Fecal (week 6) 

samples in mushroom diet. In mushroom+L. casei group, among Bacteroidetes families 

such as Porphyromonadaceae (Butyricimonas), Prevotellaceae (Hallella), Rikenellaceae 

(Rikenella) is enriched. Among Firmicutes, Lachnospiraceae (Fusicatenibacter, 
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Howardella, Lachnobacterium, Lactonifactor, Robinsoniella, Roseburia) is enriched. 

Among Proteobacteria, Succinivibrionaceae (Succinivibrio) is enriched. Other families 

such as Spirochaetaceae (Sphaerochaeta, Treponema) and Synergistaceae (Aminiphilus), 

were also observed. 

Correlational network analysis- 

To understand the correlation between features before and after six servings of 

mushroom diet, first we calculated correlation between all features in each class using a 

Spearman correlation with a 0.05 significance level, then the correlation difference 

between features in each pair of classes was calculated. Correlation differences at 

Family_Genus level, with p-values less than 0.01 were visualized using Cytoscape. We 

observed 63 nodes and 69 edges in the network with 40 interactions shifted from negative 

correlations at week 0 to positive correlations at week 6 (Blue) and 27 interactions shifted 

from positive correlations at week 0 to negative correlations at week 6 (Red) (Figure 29).  
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Figure 29 Correlation Differences between week 0 and week 6 mushroom diet. Blue edges indicate positive 
correlation and Red edges indicate negative correlation. Node color indicates correlation at the phylum level. 

 

We also looked at the correlation difference network for mushroom+L. casei diet 

group and observed 55 nodes and 47 edges in the network with 20 interactions shifted from 

negative correlation at week 0 to positive correlation at week 6 (Blue) and 24 interactions 

shifted from positive correlation at week 0 to negative correlation at week 6 (Red) (Figure 

30). 
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Figure 30. Correlation Differences between week 0 and week 6 mushroom+ L. casei diet. Blue edges indicate 
positive correlation and Red edges indicate negative correlation. Node color indicates correlation at the phylum 
level. 
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Functional Diversity- 

Metagenomic functional pathways obtained from PICRUSt were organized into 

categories such as metabolism, genetic information processing, environmental information 

processing, cellular processes, organismal systems, and human diseases. Functional 

pathways from PICRUSt were further analyzed and visualized using LEFSe. At a particular 

time-point, both multi-class (all-against -all) and pairwise analysis was performed using 

LEFSe. Functional analysis with LEFSe showed no differences in functional pathways 

among dietary groups at baseline week 0 (1st Fecal). Following tables shows metabolic 

pathways that were affected among dietary groups at week 6, in 3rd fecal (Table 9) and in 

proximal colon samples (Table 10). See Appendix III and IV for LEFSe histograms 

comparing control and three or six serving of mushroom at week 6 (Solano-Aguilar, et al., 

2018). See Appendix V for LEFSe histogram comparing proximal colon samples from 

three and six serving of mushroom at week six (Solano-Aguilar, et al., 2018).  
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Table 9 Metabolic pathways at week six with three and six servings of white button mushrooms. All LDA scores 
are greater than 2. 

 

 

Table 10 Metabolic pathways in proximal colon samples at week six with three and six servings of white button 
mushrooms. All LDA scores are greater than 2. 

 

 

The functional metagenome analysis for mushroom study II is done using PICRUSt 

and further analyzed and visualized using LEFSe. At a particular time-point, both multi-

Picrust_Level 2 Pathways Picrust_Level 3 Pathways LDA score P value
3rdFecal_3Servings
Biosynthesis of Other Secondary Metabolites Betalain biosynthesis 2.03885 0.0406
Carbohydrate Metabolism Fructose and mannose metabolism 2.02824 0.0494
3rdFecal_6Servings
AminoAcid Metabolism Histidine metabolism 2.39909 0.0009
AminoAcid Metabolism Tyrosine metabolism 2.48241 0.0035
Biosynthesis of Other Secondary Metabolites Stilbenoid_diarylheptanoid and gingerol biosynthesis 2.13032 0.0167
Carbohydrate Metabolism Amino sugar and nucleotide sugar metabolism 2.58445 0.0242
Carbohydrate Metabolism Fructose and mannose metabolism 2.2621 0.0039
Carbohydrate Metabolism Galactose metabolism 2.69409 0.0201
Carbohydrate Metabolism Pentose and glucuronate interconversions 2.26793 0.0346
Carbohydrate Metabolism Starch and sucrose metabolism 2.43665 0.0082
Glycan Biosynthesis and Metabolism Peptidoglycan biosynthesis 2.48501 0.0411
Lipid Metabolism Fattyacid biosynthesis 2.03738 0.0411
Lipid Metabolism Steroid biosynthesis 2.54024 0.029
Lipid Metabolism Steroid hormone biosynthesis 2.17675 0.0112
Metabolism of Terpenoids and Polyketides 2.16511 0.0137
Nucleotide Metabolism Pyrimidine metabolism 2.54793 0.0486

Picrust_Level 2 Pathways Picrust_Level 3 Pathways LDA score P value
ProximalColon_3Servings
AminoAcid Metabolism Tryptophan metabolism 2.109462 0.049
Metabolism of Other AminoAcids Glutathione metabolism 2.143295 0.023
Metabolism of Other AminoAcids Taurine and hypotaurine metabolism 2.132618 0.041
Xenobiotics Biodegradation and Metabolism Xylene degradation 2.238467 0.049
ProximalColon_6Servings
AminoAcid Metabolism Alanine, aspartate and glutamate metabolism 2.185566 0.035
Biosynthesis of Other Secondary Metabolites 2.226611 0.049
Carbohydrate Metabolism Citrate cycle_TCA cycle_ 2.102361 0.049
Carbohydrate Metabolism Pentose and glucuronate interconversions 2.058303 0.049
Glycan Biosynthesis and Metabolism 2.888488 0.041
Metabolism of Cofactors and Vitamins Folate biosynthesis 2.225975 0.014
Metabolism of Cofactors and Vitamins One carbon pool by folate 2.02484 0.049
Metabolism of Other AminoAcids Cyanoaminoacid metabolism 2.182559 0.029
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class (all-against -all) and pairwise analysis was performed using LEFSe. Following tables 

show metabolic pathways that were affected among dietary groups at week 6 (Table 11). 

No significant changes in metabolic pathways were observed after six weeks of L. casei 

diet. 

 

Table 11 Metabolic pathways among the dietary treatment groups at week six in mushroom study II. All LDA 
scores are greater than 2. 

 

 

In proximal colon samples, not many pathways were present. One pathway for 

carbohydrate metabolism (Propanoate metabolism) was present in the mushroom + L. casei 

proximal colon sample. For proximal colon samples from mushroom diet, energy 

metabolism, enzyme families (peptidase), and nucleotide metabolism pathways were 

observed. 

For each dietary group, a longitudinal analysis was done to compare the biological 

pathway that changed after six weeks of diet. Twenty-eight biological pathways were 

Picrust_Level 2 Pathways Picrust_Level 3 Pathways LDA score P value
3rdFecal_Pla
AminoAcid Metabolism Cysteine and methionine metabolism 2.185335 0.0083
AminoAcid Metabolism Glycine serine and threonine metabolism 2.253265 0.0236
AminoAcid Metabolism Lysine biosynthesis 2.144046 0.0256
AminoAcid Metabolism Valine leucine and isoleucine degradation 2.122311 0.0063
Carbohydrate Metabolism C5_Branched dibasic acid metabolism 2.106587 0.0142
Lipid Metabolism Fattyacid biosynthesis 2.332998 0.0043
Lipid Metabolism Lipid biosynthesis proteins 2.19981 0.0325
3rdFecal_M
AminoAcid Metabolism Phenylalanine tyrosine and tryptophan biosynthesis 2.34271 0.0225
Metabolism of Cofactors and Vitamins Pantothenate and CoA biosynthesis 2.013388 0.0271
3rdFecal_ML
Carbohydrate Metabolism Pentose phosphate pathway 2.107996 0.0096
Carbohydrate Metabolism Starch and sucrose metabolism 2.221792 0.0348
Enzyme Families 2.428926 0.0492
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present in the placebo group. Functional pathways included pathways for metabolism of 

amino acid (alanine, aspartate, glutamate, arginine, proline, glycine, serine, threonine, 

phenylalanine, valine, leucine, isoleucine), carbohydrate (butanoate, glyoxylate & 

dicarboxylate, pentose & glucuronate), lipid, energy, cofactors/vitamins (pantothenate & 

CoA biosynthesis) and biosynthesis pathways for glycans, and other secondary 

metabolites. Pathways for cellular processes, organismal systems, and human diseases are 

also present. In L. casei diet group, carbohydrate metabolism (Butanoate) pathway changed 

after six weeks of diet. In mushroom + L. casei diet group, functional pathway included 

pathway for biosynthesis of secondary metabolite such as phenylpropanoid. In the 

mushroom group, functional pathways included metabolism of amino acid (alanine, 

aspartate, glutamate, histidine, valine, leucine, isoleucine and cyanoaminoacid), 

carbohydrate (butanoate), lipid (fatty acids and lipid biosynthesis), cofactors/vitamins 

(vitamin B6 metabolism, folate, pantothenate & CoA biosynthesis), energy, and 

biosynthesis pathways for glycans and other secondary metabolites (phenylpropanoid). 

Pathways for cellular processes and organismal systems were also observed (Figure 31). 
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Figure 31 LEfSe functional pathway analysis shown as histogram after six weeks of mushroom diet. Red indicates 
more abundant in 1st fecal (week0) and Green indicates more abundant in 3rd fecal (week6). 
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4.4. Discussion 

This study shows that feeding six servings of white button mushrooms for six weeks 

changed the fecal and proximal colon microbiota in the pigs. In this study, Bacteroidetes 

were significantly more abundant than Firmicutes during the mushroom treatment similar 

to the mouse (Varshney, et al., 2013) and human study (Hess, Wang, Gould, & Slavin, 

2018). Alpha diversity indexes show that bacterial diversity significantly changed in pigs 

after six weeks of mushroom diet. PCoA analysis also shows bacterial diversity changed 

after six weeks in both fecal content and proximal colon contents of pigs fed with 

mushroom. LEfSe indicated increases in Lachnospiraceae, Ruminococcaceae within the 

order Clostridiales in the mushroom-fed pigs. Abundance of Ruminococcaceae such as 

Oscillibacter, Butyricicoccus, Ruminococcus and Lachnospiraceae such as 

Fusicatenibacter, Robinsoniella, Eisenbergiella were increased. Oscillibacter abundance 

was increased in pigs fed both three and six servings of WB mushrooms. Butyricicoccus 

and Ruminococcus abundance increased only in pigs fed with six servings of mushrooms. 

Similarly, among Lachnospiraceae genera Fusicatenibacter and Eisenbergiella increased 

both in pigs fed with three and six servings of white button mushrooms, whereas genus 

Robinsoniella increased only in pigs fed with six servings of mushrooms suggesting a dose 

dependent increase in an important bacterial genus. These bacteria are known for 

degradation of complex plant material (cellulose and hemicellulose) in the mammalian gut. 

They produce butyrate and are considered beneficial bacteria to host. Butyrate serves as 

the main source of energy for colonocytes helping with the maintenance of gut 

homeostasis, intestinal epithelial integrity, and in reducing inflammatory signals.  
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Proximal colon samples from mushroom group showed enrichment of 

Prevotellaceae (genus Alloprevotella) and Veillonellaceae (genus Mitsuokella). 

Comparison of microbiota composition in the proximal colon contents of three and six 

servings mushroom showed enrichment of Marinilabiaceae, Porphyromonadaceae 

(Butyricimonas) and some members from Prevotellaceae (Prevotella, Hallella) within the 

order Bacteroidales. Among Firmicutes, Ruminococcaceae (genera Sporobacter, and 

Papillibacter) is enriched. White button mushroom when fed to conventional mice cause a 

significant increase of Prevotella in cecal contents (Tian, et al., 2018). Prevotella is a 

succinate producer and known to degrade cellulose and xylans. Dietary fiber induced 

increase in abundance of Prevotella and microbially derived succinate has been associated 

with improved glucose metabolism, increased intestinal gluconeogenesis, and increased 

expression of genes important in the gut-brain axis (De Vadder, et al., 2016). Metagenomic 

studies in pigs have also confirmed the prevalence of Prevotellaceae in the cecum, colon, 

and feces. An increase in Prevotellaceae has been shown following introduction of a more 

favorable, polysaccharide containing diet after weaning due to their genetic capacity for 

polysaccharide degradation (Frese, Parker, Calvert, & Mills, 2015). Thus, higher 

abundance of Prevotellaceae was expected with the mushroom diet due to its higher 

polysaccharides content. 

Correlation network analysis shows that after six weeks of mushroom diet, 

Ruminococcaceae_Faecalibacterium had most positive correlations with family_genus 

such as Prevotellaceae_Prevotella, Erysipelotrichaceae_Solobacterium, and 

Acidaminococcaceae_Acidaminococcus. Among Ruminococcaceae, genus Oscillibacter 
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has a positive correlation with Lachnospiraceae_ Howardella and a negative correlation 

with Prevotellaceae_Xylanibacter, and genus Ruminococcus has a positive correlation 

with Porphyromonadaceae_Barnesiella. Family Lachnospiraceae had positive 

correlations with families such as Porphyromonadaceae, Veillonellaceae, 

Ruminococcaceae, Acidaminococcaceae, and Marinilabiliaceae. Cytoscape analysis also 

shows that within the family Lachnospiraceae, genus Fusicatenibacter has positive 

correlations with Acidaminococcaceae_Acidaminococcus and Marinilabiliaceae_ 

Alkalitalea. Within the family Prevotellaceae, genus Hallella has a positive correlation 

with Marinilabiaceae_Anaerophaga, and genus Prevotella has positive correlations with 

Ruminococcaceae_Faecalibacterium and Veillonellaceae_Megasphaera.  

After six weeks of mushroom diet, inferred metabolic pathways showed an 

enrichment in carbohydrate metabolism, including galactose, fructose, mannose, starch and 

sucrose. Amino acid metabolism (phenylalanine, tryptophan, tyrosine and histidine), lipid 

metabolism (biosynthesis of fatty acids and steroids), biosynthesis of glycan and secondary 

metabolites, and metabolism of cofactors/vitamins (pantothenate & CoA biosynthesis) was 

also enriched in pigs fed six servings of mushrooms. Proximal colon also showed 

enrichment of carbohydrate metabolism, amino acid metabolism, and biosynthesis of 

glycan, folate, and secondary metabolites. 

In this study mushroom treatment did not increase Lactobacilli and Bifidobacteria 

abundance in pigs. Broiler chickens and turkey poults when fed with 20 g/kg of ground, 

dried mushrooms showed an increase in both Lactobacilli and Bifidobacterium 

(Giannenas, et al., 2010). In this study LEfSe analysis showed a decrease in 
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Bifidobacterium both in three serving and six serving of mushroom diet when compared to 

the control diet.  

This study also indicates synergistic effects of adding probiotic to the mushroom 

diet. Alpha diversity indexes show that bacterial diversity significantly changed in pigs 

after six weeks of mushroom+ L. casei diet. PCoA analysis also shows a very clear 

separation or change in bacterial diversity after six weeks in both fecal content and 

proximal colon contents of pigs fed with mushroom + L. casei diet. LEfSe showed 

enrichment of members of phylum Bacteriodes such as families Porphyromonadaceae 

(genus Parabacteroides, Butyricimonas), Prevotellaceae (Hallella), Rikenellaceae 

(Rikenella), and within phylum Firmicutes such as families Lactobacillaceae (genus 

Lactobacillus), Lachnospiraceae (Fusicatenibacter, Howardella, Lachnobacterium, 

Lactonifactor, Robinsoniella, Roseburia), Ruminococcaceae (genus Clostridium IV), 

Acidaminococcaceae (genus Phascolarctobacterium and Succiniclasticum), Synergistetes 

(genus Aminiphilus) and Spirochaetes (genus Sphaerochaeta) in fecal samples at week six. 

Metabolic pathways for carbohydrate metabolism (pentose phosphate pathway, starch, and 

sucrose metabolism), and biosynthesis of secondary metabolite such as Phenylpropanoid 

was enriched in fecal samples at week six. Proximal colon samples from mushroom+L. 

casei diet showed enrichment of Firmicutes such as Veillonellaceae (genus Anaerovibrio), 

Clostridiaceae, Lactobacillaceae (genus Lactobacillus), and Lachnospiraceae (genus 

Roseburia) along with inferred metabolic pathways for carbohydrate metabolism. 

Propanoate metabolic pathway was especially enriched in proximal colon samples from 

mushroom+L. casei diet. In another study with conventional mice, increases in propionate 
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and succinate in cecal contents was observed in white button mushroom fed mice (Tian, et 

al., 2018). Microbially produced propionate has metabolic benefits on body weight and 

helps in glucose management by activating intestinal gluconeogenesis and reducing hepatic 

glucose production (Vadder, et al., 2014) (Hosseini, Grootaert, Verstraete, & Wiele, 2011).  

After six weeks of mushroom+L. casei diet, correlation network shows a positive 

correlation between Lactobacillaceae_Lactobacillus and Ruminococcaceae_ 

Faecalibacterium, a member of Clostridium cluster IV. Correlational network analysis also 

shows that Veillonellaceae_Mitsuokella has positive correlations with Ruminococcaceae_ 

Oscillibacter, Prevotellaceae_Alloprevotella, Veillonellaceae_Anaerovibrio, and 

Ruminococcaceae_ Anaerotruncus. 

This study demonstrates that white button mushrooms act as a prebiotic that 

favorably affects the host intestinal microbiota composition and function with increased 

butyrate producing bacteria and increased carbohydrate metabolism. This study not only 

provides insight into the gut bacteria that change with mushroom diet but also suggests that 

there are significant nutritional benefits to adding probiotic to mushroom diet.  
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5. EFFECT OF HIGH FRUCTOSE AND/OR HIGH FAT DIET  

5.1. Introduction 

Fructose consumption has dramatically increased in recent decades due to the use 

of sucrose and high-fructose corn syrup as sweeteners in beverages and processed foods. 

Diets high in sugar such as fructose have contributed to increasing rates of obesity (Bray, 

Nielsen, & Popkin, 2004) and metabolic diseases such as type 2 diabetes, non-alcoholic 

fatty liver disease (Jensen, et al., 2018), and cardiovascular disease. Consumption of large 

amounts of fructose or sucrose rather than glucose can lead to elevated levels of hepatic 

triglycerides and increased blood lipid levels that occurs in the absence of excessive alcohol 

consumption, posing a significant risk for cardiovascular disease (Bray G. , 2012). 

Absorption of fructose begins in intestinal lumen, where it is absorbed by the enterocytes 

and transported to bloodstream through glucose transporters. It is then transported to the 

liver where it enters different metabolic pathways: it can be oxidized, converted to glucose 

(and glycogen) via gluconeogenesis or converted to lactic acid, or enter de novo lipogenesis 

(Ang & Yu, 2018) in which carbon precursors of acetyl-CoA are converted into fatty acids. 

However, the route from dietary fructose to hepatic acetyl-CoA and lipids remains unclear. 

Fructose is also a highly lipogenic nutrient compared to glucose and has been implicated 

in hepatic insulin resistance, dyslipidemia, and glucose intolerance (Dekker, Su, Baker, 

Rutledge, & Adeli, 2010). Excess intake of fructose can also cause dietary fructose 

malabsorption and thereby irritable bowel syndrome (DiNicolantonio & Lucan, 2015). 
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Consumption of a high fat diet is also one of the causes of epidemic obesity and 

plays an important role in the development of type 2 diabetes (Dam, Willett, Rimm, 

Stampfer, & Hu, 2002). High fat diets are associated with nonalcoholic fatty liver disease 

(NAFLD), and fructose consumption has been considered as a risk factor for NAFLD 

(Adams, Waters, Knuiman, Elliott, & Olynyk, 2009). NAFLD is a progressive liver disease 

that occurs in the absence of excess alcohol consumption and is characterized by 

triglyceride accumulation in liver. The disease’s progression includes simple hepatic 

steatosis (fatty liver), nonalcoholic steatohepatitis (NASH), advanced fibrosis, cirrhosis 

and hepatocellular carcinoma.  

Many studies have suggested that high fat diet induces intestinal microbiota 

dysbiosis that plays a role in metabolic diseases and obesity. High fat diet induces changes 

in the gut microbial community, particularly by increasing Firmicutes ratio to 

Bacteroidetes (Wit, et al., 2012). In contrast, germ-free mice are resistant to high-fat diet’s 

obesogenic effects when compared to conventionally housed mice and exhibit lower levels 

of lipids in the liver (Rabot, et al., 2010). Transplantation of the gut microbiota from obese 

mice into germ-free lean mice have shown to develop obese phenotype, suggesting that the 

gut microbiota is an additional contributing factor to obesity (Turnbaugh, et al., 2006).  

Overconsumption of saturated fatty acids, fructose, or sucrose can also activate 

inflammatory pathways that are observed in obesity (Liu, et al., 2014). Diet induced 

changes in the gut microbiota increases the level of the gram-negative bacterial product 

LPS and inflammation, which ultimately leads to insulin resistance and glucose intolerance 

(Williams, et al., 2014). High level of endotoxins also increases gut permeability and 
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causes gut microbiota-derived endotoxin to activate the TLR-4 pathways, an important 

component of the innate immune system. LPS can also activates transcription factor NF-

κB (nuclear factor kappa-beta), which promotes the expression of inflammatory cytokines, 

such as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6). 

Pro-inflammatory cytokines such as tumor necrosis factor-α (TNF-α) and interleukin-1 β 

(IL-1β) are key contributors to obesity-induced inflammation and involved in 

dysregulation of hepatic lipid metabolism and insulin signaling (Niederreiter & Tilg, 2018). 

Excessive intake of fructose and/or fat in C57BL/6J mice has shown to lead to development 

of NAFLD over time and has been associated with an increased translocation of bacterial 

endotoxin (Sellmann, et al., 2015).  

A number of studies in rodent model have shown microbiota dysbiosis when fed 

with high fructose and high fat diets but not many have used the pig to investigate the 

effects of fructose and fat diet when fed at a comparable amount consumed by juvenile 

humans. Juvenile pig serves as a good model to understand human obesity related research 

as when they are fed a high-calorie diet they tend to accumulate fat and develop obesity-

related diseases similar to humans. Therefore, in this study we used juvenile pigs as a model 

to examine the interaction of high fructose and high fat and changes in fecal microbiota 

composition and function. We hypothesized that both high fructose and high fat feeding 

would cause changes in fecal microbiota composition and inferred metabolic function. 

5.2. Materials and Methods 

Four groups of eight juvenile pigs were fed with 1) a basal diet, 2) a diet with added 

fructose, 3) a diet with added fat or 4) a diet with added fructose and fat for eight weeks. 
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Fecal samples were collected at week zero (baseline) and eight weeks after dietary 

intervention. Additional sampling of feces from the proximal colon was also collected at 

the end of the dietary intervention. QIAamp DNA stool kit was used to extract DNA from 

fecal samples. Extracted DNA was amplified, and the quality of PCR products was 

determined before sequencing on a Personal Genome Machine. Universal primers (forward 

primer 27F’ (5′-AGAGTTTGATCCTGGCTCAG-3′) and reverse primer 355R’ (5′-

GCTGCCTCCCGTAGGAGT-3′)) were used to amplify the first two variable regions V1 

and V2 of the 16S ribosomal DNA (rDNA). Raw reads were demultiplexed with the custom 

perl script and then passed through the QIIME pipeline to define OTUs and for diversity 

analysis. Shannon Index, Chao1, and PD_whole_tree alpha diversity indices were used to 

characterize species diversity within each dietary group. Beta diversity was also used to 

characterize differences among dietary groups where the distance matrix is constructed 

using UniFrac method and the dissimilarity between treatment groups was evaluated by 

Principal Coordinate Analysis (PCoA) and visualized using Emperor. Metagenome 

functional content is predicted using PICRUST. Enrichment or depletion of taxa or 

function between dietary groups were identified by LEfSe and was plotted either as 

histograms or cladograms. Correlational network analysis is used to understand the 

relationships between the microbiota before and after eight weeks on fructose and/or fat 

diet. Microbiota interactions after eight weeks on fructose and/or fat diet were visualized 

using Cytoscape. 
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5.3. Results 

A total of 1,825575 raw sequences was obtained for 95 samples from Ion Personal 

Genome Machine (PGM) system. We obtained 109,968 OTUs using QIIME with a set 

parameter of 97% similarity. Table 12 shows the biom table summary (biom summary-

table.py) for fructose and fat diet study, it provides summary statistics such as the number 

of samples, the number of observations, the total count etc. 

 

Table 12 Biom Summary for High Fat/Fructose Study 
Number of samples: 95 

Number of observations (OTUs): 109968 

Total count (sequences): 1825575 

  

Counts(seqs)/sample summary: 

 Min: 4252.0 

 Max: 36867.0 

 Median: 19326.000 

 Mean: 19421.000 

 Std. dev.: 4672.541 

 Sample Metadata Categories: None provided 

 Observation Metadata Categories: taxonomy 

 

Alpha Diversity- 

Shannon, chao1, and PD_whole_tree diversity index were significantly increased 

(p-value < 0.005, Wilcoxon rank sum test) in the proximal colon content of pigs on high 

fructose diet when compared to high fructose-high fat diet (Figure 32, Figure 33 & Figure 

34). Chao1 and PD_whole_tree diversity index shows a significant decrease (p-value < 

0.01, Wilcoxon rank sum test) in bacterial diversity in the proximal colon content of high 
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fructose-high fat diet, and proximal colon content of high fat diet when compared to the 

proximal colon content of pigs fed with basal diet. Chao1 and PD_whole_tree diversity 

index also shows a significant decrease (p-value < 0.001, Wilcoxon rank sum test) in 

bacterial diversity in the proximal colon content of high fat diet when compared to 

proximal colon content of pigs fed with high fructose diet. 
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Figure 32 Shannon diversity in fecal microbiome derived from week 0, week 8, and week 8 proximal colon samples 
collected from pigs fed with basal, high fructose, high fat, and high fructose-high fat diet. (‘a’ indicate statistically 
significant differences) 
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Figure 33 Chao1 diversity in fecal microbiome derived from week 0, week 8, and week 8 proximal colon samples 
collected from pigs fed with basal, high fructose, high fat, and high fructose-high fat diet. (a, b, c and d indicate 
statistically significant differences) 
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Figure 34 PD_whole_tree diversity in fecal microbiome derived from week 0, week 8, and week 8 proximal colon 
samples collected from pigs fed with basal, high fructose, high fat, and high fructose-high fat diet. (a, b, c and d 
indicate statistically significant differences) 
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Beta Diversity-  

PCoA analysis shows that distributions of fecal samples of pigs fed with basal, high 

fructose, high fat, and high fructose + high fat diet clustered by time (Figure 35). In all the 

dietary groups, week 0 samples were separated from week 8 fecal and proximal colon 

samples (Figure 36). Fecal bacterial diversity changes were clearly seen in pigs fed with 

high fat, and high fructose + high fat diet. After eight weeks of high fat diet, eight out of 

eight pigs showed separation in fecal sample and proximal colon samples (Figure 36B). In 

high fructose + high fat diet group, eight out of eight pigs showed separation in fecal sample 

and six out of seven pigs showed separated in the proximal colon samples (Figure 36D). 

 

 

Figure 35 PCoA plots comparing bacteria diversity at week 0 and after dietary treatment at week 8 in fecal and 
in the proximal colon. 

 

B

Week 0A

Week 8 Proximal ColonC
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Figure 36 PCoA plots comparing fecal bacteria diversity in basal (A), High Fat (B), High Fructose (C), and High 
Fructose + High Fat (D) dietary groups. 

 

B/F ratio- 

Bacteroidetes to Firmicutes (B: F) ratio significantly decreased in fecal and 

proximal colon samples of all diet groups after eight weeks of dietary treatment (p<0.05, 

Wilcoxon rank test) (Table 13). 

 

Table 13 Bacteroidetes to Firmicutes ratio at week 0, week 8, and proximal colon samples in fructose-fat study. 

Time/Treatment Week 0 Week 8 Proximal Colon 

Basal 2.477 0.937 1.294 

Fat 2.114 0.957 1.169 

Fructose 2.259 1.215 1.161 

Fructose-Fat 2.680 0.930 1.492 

 

High Fat

High Fructose High Fructose + High Fat

BasalA B

C D
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Taxa Diversity- 

Multi-class (all-against -all) taxa abundance analysis with LEfSe showed no other 

differences in bacterial families among dietary groups at baseline week 0, except for high 

fructose-fat group where family Erysipelotrichaceae was enriched. At week 8, multi-class 

(all-against -all) and pairwise taxa abundance analysis was performed using LEFSe. In the 

basal diet group, Bacteriodetes such as Porphyromonadaceae (Butyricimonas) and 

Sphingobacteriales, Firmicutes such as Ruminococcaceae (Acetanaerobacterium, 

Faecalibacterium, Intestinimonas, Papillibacter), and Spirochaetes such as 

Spirochaetaceae (Sphaerochaeta, Treponema) are enriched. At week 8 in the high fat diet 

group, Bacteroidetes such as Bacteroidaceae (Bacteroides), Porphyromonadaceae 

(Parabacteroides), Firmicutes such as Lactobacillaceae (Lactobacillus), Clostridiales 

(Anaerovorax), Lachnospiraceae (Eisenbergiella, Fusicatenibacter), Ruminococcaceae 

(Ruminococcus, Anaerotruncus), Veillonellaceae (Megasphaera, Mitsuokella), 

Proteobacteria such as Desulfovibrionaceae (Desulfocurvus, Bilophila), 

Succinivibrionaceae (Succinivibrio), and Synergistetes such as Synergistaceae 

(Pyramidobacter) are enriched (Figure 37A). At week 8 in the high fructose diet group, 

Bacteroidetes such as Rikenellaceae (Rikenella), Flammeovirgaceae (Limibacter), 

Cryomorphaceae (Fluviicola), Cyclobacteriaceae (Aquiflexum), Sphingobacteriaceae 

(Pseudosphingobacterium) and Firmicutes such as Lachnospiraceae (Lactonifactor), 

Clostridiaceae (Oxobacter), and Spirochaetes such as Spirochaetaceae (Sphaerochaeta) 

were significantly increased. Firmicutes such as Ruminococcaceae (Intestinimonas & 

Faecalibacterium) significantly decreased (Figure 37B). At week 8 in high fructose-fat diet 
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group, Firmicutes such as Clostridiales (Anaerovorax), Lachnospiraceae (Lachnospiracea, 

Dorea, Eisenbergiella), Ruminococcaceae (Ruminococcus, Anaerotruncus, Oscillibacter, 

Sporobacter), Acidaminococcaceae (Acidaminococcus), Veillonellaceae (Mitsuokella, 

Megasphaera), Erysipelotrichaceae (Bulleidia), and Proteobacteria such as 

Desulfovibrionaceae (Bilophila, Desulfocurvus), Enterobacteriaceae (Escherichia_ 

Shigella, Pluralibacter) were enriched (Figure 37C). 
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Figure 37 LEfSe taxa abundance analysis shown as cladogram. Bacterial taxa in fecal microbiota of pigs at week 
eight when fed with high fat vs. basal diet (A), high fructose vs. basal diet (B), and high fructose - fat vs. basal diet 
(C). (Red indicates taxa greater in Basal diet and Green indicates taxa greater in Fat (A), Fructose (B), and 
Fructose-fat(C) diet. All LDA scores are greater than 2.) 

 

For each dietary group, taxa diversity was also compared over time, between week 

0 and week 8. In the basal diet group, number of bacterial taxa were enriched after eight 

weeks of diet, Bacteroidetes such as Bacteroidaceae (Bacteroides, Anaerorhabdus), 

Marinilabiliaceae (Alkalitalea, Thermophagus), Porphyromonadaceae (genus 

Coprobacter and Parabacteroides) and Rikenellaceae (genus Rikenella), Firmicutes such 

as Lactobacillaceae (Lactobacillus), Clostridiales (Fusibacter, Anaerovorax, 

Mogibacterium), Peptostreptococcaceae (ClostridiumXI), Lachnospiraceae (genus 

Lachnospira, Lachnospiracea), Ruminococcaceae (Butyricicoccus, Faecalibacterium, 

Flavonifractor, Hydrogenoanaerobacterium, Oscillibacter, Papillibacter, Sporobacter), 

C
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Erysipelotrichaceae (Turicibacter). Among Proteobacteria, Desulfovibrionaceae (genus 

Desulfovibrio) was enriched. In the high fat diet group, Bacteroidetes such as 

Bacteroidaceae (Bacteroides), Marinilabiliaceae (Alkalitalea), Porphyromonadaceae 

(Parabacteroides), Firmicutes such as Lactobacillaceae (Lactobacillus), Clostridiales 

(Anaerovorax), Lachnospiraceae (genus Eisenbergiella, Roseburia), Ruminococcaceae 

(Butyricicoccus, Anaerotruncus, Ethanoligenens, Flavonifractor, ClostridiumIV, 

Oscillibacter, Papillibacter, Sporobacter), Veillonellaceae (Anaerovibrio, Schwartzia), 

Erysipelotrichaceae (Turicibacter). Among Proteobacteria, Desulfovibrionaceae (genus 

Desulfovibrio) and Succinivibrionaceae (Succinivibrio) was enriched. In the high fructose 

diet group, Bacteroidetes such as Bacteroidaceae (Bacteroides), Marinilabiliaceae 

(Alkalitalea), Porphyromonadaceae (Butyricimonas), Rikenellaceae (genus Rikenella), 

and among Firmicutes, Lactobacillaceae (Lactobacillus), Clostridiales (Oxobacter), 

Lachnospiraceae (Roseburia), and Ruminococcaceae (Sporobacter) was enriched. Among 

Proteobacteria, Enterobacteriaceae and Succinivibrionaceae (Succinivibrio) was enriched. 

In the high fructose-fat diet group, Bacteroidetes such as Bacteroidaceae (Bacteroides), 

Marinilabiliaceae (Alkalitalea, Anaerophaga), Porphyromonadaceae (Parabacteroides), 

and among Firmicutes, Lactobacillaceae (Lactobacillus), Clostridiales (Anaerovorax), 

Lachnospiraceae (Eisenbergiella, Lachnobacterium, Robinsoniella), 

Peptostreptococcaceae (ClostridiumXI), Erysipelotrichaceae (Bulleidia), Veillonellaceae 

(Schwartzia, Anaerovibrio), and Ruminococcaceae (Oscillibacter, Ruminococcus, 

Anaerotruncus, Sporobacter) was enriched. Among Proteobacteria, Hyphomonadaceae 
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(Hellea), Desulfovibrionaceae (Bilophila), and Enterobacteriaceae (Escherichia_Shigella, 

Citrobacter, Pluralibacter) was enriched. 

At week 8, multi-class (all-against -all) and pairwise analysis of proximal colon 

samples showed a higher number of discriminative features. In proximal colon sample from 

the basal diet, Bacteroidetes such as Marinilabiaceae (Thermophagus, Alkalitalea), 

Porphyromonadaceae (Tannerella, Barnesiella, Proteiniphilum, Butyricimonas), 

Rikenellaceae (Rikenella), Flammeovirgaceae (Limibacter), Firmicutes such as 

Lachnospiraceae (ClostridiumXlVa, Coprococcus, Eisenbergiella, Lachnospiracea, 

Parasporobacterium), Ruminococcaceae (ClostridiumIV, Hydrogenoanaerobacterium), 

Erysipelotrichaceae (Turicibacter), and Veillonellaceae (Schwartzia) and among 

Spirochaetes, Spirochaetaceae (Sphaerochaeta, Treponema) is enriched. Proximal colon 

samples from high fat diet has enriched Bacteroidetes such as Bacteroidaceae 

(Bacteroides), Marinilabiaceae (Anaerophaga), Prevotellaceae (Prevotella, 

Xylanibacter). Firmicutes such as Lactobacillales (Lactobacillus), Lachnospiraceae 

(Roseburia), Clostridiales (Anaerovorax), Veillonellaceae (Megasphaera, Mitsuokella, 

Selenomonas), and Proteobacteria such as Sutterellaceae (Parasutterella), 

Desulfovibrionaceae (Bilophila, Desulfocurvus), Succinivibrionaceae (Succinivibrio) 

(Figure 38A). Proximal colon samples from high fructose diet has enriched Bacteroidetes 

such as Bacteroidales (Phocaeicola), Porphyromonadaceae (Coprobacter), Firmicutes 

such as Lachnospiraceae (Lachnobacterium, Lactonifactor, Robinsoniella), 

Ruminococcaceae (Oscillibacter), and Spirochaetes such as Treponema. Among 

Proteobacteria, Gammaproteobacteria is enriched in fructose diet (Figure 38B). Proximal 
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colon samples from high fructose+fat diet has a significantly higher abundance of 

Bacteroidetes like Prevotellaceae (Prevotella), Lachnospiraceae (Oribacterium, 

Roseburia), Erysipelotrichaceae, Acidaminococcaceae (Succiniclasticum, 

Phascolarctobacterium), Veillonellaceae (Megasphaera, Mitsuokella, Schwartzia, 

Selenomonas). Proteobacteria such as Desulfovibrionaceae (Bilophila), 

Enterobacteriaceae (Escherichia_Shigella) and Succinivibrionaceae (Succinivibrio) 

(Figure 38C). 
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Figure 38 LEfSe taxa abundance analysis shown as cladogram. Bacterial taxa in proximal colon of pigs at week 
eight when fed with high fat vs. basal diet (A), high fructose vs. basal diet (B), and high fructose and high fat vs. 
basal diet (C). (Red indicates taxa greater in Basal diet and Green indicates taxa greater in Fat (A), Fructose (B), 
and Fructose-fat (C) diet. All LDA scores are greater than 2.) 

 

Correlational network analysis- 

To understand the correlation between features before and after diet treatment, we 

first calculated correlation between all features in each class using a Spearman correlation 

with a 0.05 significance level, then the correlation difference between features in each pair 

of classes was calculated. Correlation differences at Family_Genus level, with p-values 

less than 0.01 were visualized using Cytoscape. Correlational network between week 0 and 

week 8 high fat diet contain 66 nodes and 63 edges with a total of 25 interactions that 

shifted from negative correlation at week 0 to the positive correlation at week 8 (Blue) and 

37 interactions that shifted from positive correlation at week 0 to negative correlation at 

C
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week 8 (Red) (Figure 39). Correlational network between week 0 and week 8 high fructose 

diet contained 81 nodes and 84 edges with a total of 41 interactions that shifted from 

negative correlation at week 0 to the positive correlation at week 8 (Blue) and 42 

interactions that shifted from positive correlation at week 0 to negative correlation at week 

8 (Red) (Figure 40). Correlational network between week 0 and week 8 high fructose-fat 

diet contained 58 nodes and 67 edges with a total of 34 interactions that shifted from 

negative correlation at week 0 to the positive correlation at week 8 (Blue) and 33 

interactions that shifted from positive correlation at week 0 to negative (Red) correlation 

at week 8 (Figure 41). 
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Figure 39 Correlation Differences in fecal samples between week 0 and week 8 high fat diet. Blue edges indicate 
positive correlation and Red edges indicate negative correlation. Node color indicates correlation at phylum level. 
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Figure 40 Correlation Differences in fecal samples between week 0 and week 8 high fructose diet. Blue edges 
indicate positive correlation and Red edges indicate negative correlation. Node color indicates correlation at 
phylum level. 
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Figure 41 Correlation Differences in fecal samples between week 0 and week 8 high fructose-fat diet. Blue edges 
indicate positive correlation and Red edges indicate negative correlation. Node color indicates correlation at 
phylum level. 

 

Functional Diversity- 

Metagenomic functional pathways obtained from PICRUSt were organized into 

categories such as metabolism, genetic information processing, environmental information 

processing, cellular processes, organismal systems, and human diseases. Functional 
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pathways from PICRUSt were further analyzed and visualized using LEFSe. At a particular 

time-point, both multi-class (all-against -all) and pairwise analysis was performed using 

LEFSe. Functional analysis with LEfSe showed no differences in functional pathways 

among dietary groups at baseline week 0. Following tables show metabolic pathways that 

were affected among dietary groups at week 8 (Table 14) and in proximal colon samples 

(Table 15). See Appendix VI, VII, and VIII for LEFSe histograms comparing basal diet 

with fat, fructose, and fructose-fat diet at week 8. See Appendix IX, X and XI for LEFSe 

histogram comparing proximal colon samples from basal diet with fat, fructose and 

fructose-fat diet.  

 

Table 14 Metabolic pathways among the dietary treatment groups at week eight in fructose-fat study. All LDA 
scores are greater than 2. 

 
 

Picrust_Level 2 Pathways Picrust_Level 3 Pathways LDA score P value
wk8_Fat
Carbohydrate Metabolism Citrate cycle_TCAcycle_ 2.304681 0.0357
Energy Metabolism Photosynthesis 2.088541 0.0274
Energy Metabolism Photosynthesis proteins 2.094145 0.0357
Metabolism of Cofactors and Vitamins Riboflavin metabolism 2.308571 0.0063
Metabolism of Terpenoids and Polyketides Prenyltransferases 2.232125 0.0157
Metabolism of Terpenoids and Polyketides Terpenoid backbone biosynthesis 2.113118 0.046
Xenobiotics Biodegradation and Metabolism Toluene degradation 2.129808 0.0046
wk8_Fructose
Amino Acid Metabolism Tryptophan metabolism 2.090295 0.0357
Biosynthesis of Other Secondary Metabolites Flavonoid biosynthesis 2.030391 0.0357
Carbohydrate Metabolism Citratecycle_TCAcycle_ 2.527383 0.0063
Glycan Biosynthesis and Metabolism 2.946999 0.0357
Lipid Metabolism 2.603247 0.0222
Metabolism of Terpenoids and Polyketides Limonene and pinene degradation 2.04393 0.0107
wk8_Fructose-Fat
Glycan Biosynthesis and Metabolism Lipopolysaccharide biosynthesis proteins 2.746794 0.0491
Metabolism of Terpenoids and Polyketides Polyketide sugar unit biosynthesis 2.034519 0.0315
Metabolism of Other AminoAcids Glutathione metabolism 2.12749 0.0491
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Table 15 Metabolic pathways in proximal colon samples at week eight in fructose-fat study. All LDA scores are 
greater than 2. 

 

Picrust_Level 2 Pathways Picrust_Level 3 Pathways LDA score P value
Proximal colon_Basal
Amino Acid Metabolism Arginine and proline metabolism 2.59834 0.0157
Amino Acid Metabolism Histidine metabolism 2.47003 0.0372
Carbohydrate Metabolism Butanoate metabolism 2.26715 0.0151
Carbohydrate Metabolism Fructose and mannose metabolism 2.56287 0.0091
Carbohydrate Metabolism Pentosephosphate pathway 2.40177 0.0404
Carbohydrate Metabolism Pyruvate metabolism 2.72854 0.0054
Energy Metabolism Methane metabolism 2.821 0.0026
Energy Metabolism Oxidative phosphorylation 2.43873 0.0274
Enzyme Families Peptidases 2.31629 0.0357
Enzyme Families Proteinkinases 2.05569 0.0491
Lipid Metabolism Glycerolipid metabolism 2.58101 0.0048
Lipid Metabolism Sphingolipid metabolism 2.00067 0.0491
Metabolism of Terpenoids and Polyketides Tetracycline biosynthesis 2.0396 0.0357
Xenobiotics Biodegradation and Metabolism Benzoate degradation 2.30264 0.0038
Xenobiotics Biodegradation and Metabolism Chloroalkane and chloroalkene degradation 2.30261 0.001
Proximal colon_Fat
Energy Metabolism Photosynthesis 2.24242 0.0013
Energy Metabolism Photosynthesis proteins 2.2347 0.001
Glycan Biosynthesis and Metabolism Glycosyltransferases 2.49825 0.0157
Glycan Biosynthesis and Metabolism Lipopolysaccharide biosynthesis proteins 2.7601 0.0209
Metabolism of Cofactors and Vitamins Riboflavin metabolism 2.19025 0.0087
Metabolism of Cofactors and Vitamins Thiamine metabolism 2.18301 0.0249
Metabolism of Other AminoAcids Glutathione metabolism 2.21675 0.0274
Xenobiotics Biodegradation and Metabolism Toluene degradation 2.06488 0.0157
Proximal colon_Fructose
Biosynthesis of Other Secondary Metabolites Isoflavonoid biosynthesis 2.08341 0.0017
Carbohydrate Metabolism Butanoate metabolism 2.23523 0.0204
Carbohydrate Metabolism Galactose metabolism 2.82102 0.0322
Carbohydrate Metabolism Pentose and glucuronate interconversions 2.46107 0.0173
Enzyme Families Proteinkinases 2.26888 0.039
Xenobiotics Biodegradation and Metabolism Benzoate degradation 2.32611 0.0024
Proximal colon_Fructose-Fat
Biosynthesis of Other Secondary Metabolites Betalain biosynthesis 2.03886 0.0124
Biosynthesis of Other Secondary Metabolites Indolealkaloid biosynthesis 2.44606 0.006
Carbohydrate Metabolism Citratecycle_TCAcycle_ 2.72759 0.0048
Energy Metabolism Carbonfixation pathways in prokaryotes 2.61786 0.0126
Energy Metabolism Oxidative phosphorylation 2.86295 0.0043
Energy Metabolism Photosynthesis 2.10843 0.0279
Energy Metabolism Photosynthesis proteins 2.12952 0.0206
Glycan Biosynthesis and Metabolism Glycosyltransferases 2.64186 0.0021
Glycan Biosynthesis and Metabolism Lipopolysaccharide biosynthesis 3.03102 0.0012
Glycan Biosynthesis and Metabolism Lipopolysaccharide biosynthesis proteins 3.05989 0.0008
Lipid Metabolism Biosynthesis of unsaturated fattyacids 2.0782 0.0104
Metabolism of Cofactors and Vitamins Biotin metabolism 2.20038 0.0029
Metabolism of Cofactors and Vitamins Nicotinate and nicotinamide metabolism 2.33716 0.0206
Metabolism of Cofactors and Vitamins Riboflavin metabolism 2.55172 0.0001
Metabolism of Cofactors and Vitamins Ubiquinone and other terpenoid_quinone biosynthesis 2.82132 0.0012
Metabolism of Cofactors and Vitamins Vitamin B6 metabolism 2.29114 0.0013
Metabolism of Other AminoAcids Glutathione metabolism 2.55111 0.0012
Metabolism of Terpenoids and Polyketides Geraniol degradation 2.20426 0.0027
Metabolism of Terpenoids and Polyketides Prenyltransferases 2.3502 0.0186
Nucleotide Metabolism Purine metabolism 2.45465 0.0491
Xenobiotics Biodegradation and Metabolism Caprolactam degradation 2.01512 0.0435
Xenobiotics Biodegradation and Metabolism Toluene degradation 2.28481 0.0028
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For each dietary group, longitudinal analysis was performed to compare the biological 

pathway that changed after eight weeks of diet. In the basal diet group, thirty-five 

biological pathways with LDA score >2 were present that included pathways for cellular 

processes, genetic information processing, environmental information processing, and 

human diseases. Metabolic pathways that changed after eight weeks of basal diet included 

metabolism of carbohydrate (butanoate, galactose, propanoate, pyruvate), enzyme families 

(protein kinases), metabolism of terpenoids and polyketides (tetracycline biosynthesis), 

and xenobiotics biodegradation (benzoate, xylene, chloroalkane and chloroalkene). In the 

fat diet group, forty-one biological pathways were observed. Metabolic pathways that 

specifically changed in the fat diet after eight weeks included carbohydrate (butanoate), 

lipid (synthesis of bile acids, synthesis and degradation of ketone bodies), metabolism of 

cofactors and vitamins (thiamine, porphyrin and chlorophyll), and xenobiotics 

biodegradation (benzoate, chloroalkane and chloroalkene). In the fructose diet group, 

twenty-five biological pathways were present. Metabolic pathways that specifically 

changed in the fructose diet after eight weeks included carbohydrate (pyruvate), 

metabolism of cofactors and vitamins (thiamine), metabolism of terpenoids and 

polyketides (tetracycline biosynthesis), and xenobiotics biodegradation (benzoate). In the 

fructose-fat diet group, thirty biological pathways were present. Metabolic pathways that 

specifically changed in the fructose-fat diet after eight weeks included carbohydrate 

(ascorbate, aldarate, galactose, pyruvate, pentose and glucuronate interconversions), 

metabolism of cofactors and vitamins (thiamine), and metabolism of terpenoids and 

polyketides (tetracycline biosynthesis). 
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5.4. Discussion 

This study shows that feeding high fructose and/or high fat diets for eight weeks 

changed the fecal and proximal colon microbiota in the pigs studied.  

A high-fat diet feeding for eight weeks changed the microbial community structure 

but did not affect microbial alpha-diversity. Beta diversity analysis with PCoA shows 

bacterial diversity changed after eight weeks in both fecal content and proximal colon 

contents of pigs. LEfSe indicates that after eight weeks of high fat diet, Bacteroidetes such 

as Bacteroidaceae (Bacteroides), Marinilabiliaceae (Alkalitalea), Porphyromonadaceae 

(Parabacteroides), Firmicutes such as Lactobacillaceae (Lactobacillus), Clostridiales 

(Anaerovorax), Lachnospiraceae (Eisenbergiella, Roseburia, Fusicatenibacter), 

Ruminococcaceae (Ruminococcus, Anaerotruncus), Veillonellaceae (Megasphaera, 

Mitsuokella), Erysipelotrichaceae (Turicibacter) were enriched. Proximal colon samples 

from fat diet enriched Bacteroidetes such as Bacteroidaceae (Bacteroides), 

Marinilabiaceae (Anaerophaga), Prevotellaceae (Prevotella, Xylanibacter) and 

Firmicutes such as Lactobacillales (Lactobacillus), Lachnospiraceae (Roseburia), 

Clostridiales (Anaerovorax), Veillonellaceae (Megasphaera, Mitsuokella, Selenomonas). 

Some Proteobacteria families such as Desulfovibrionaceae belonging to class 

Deltaproteobacteria (genera Desulfocurvus, Desulfovibrio, Bilophila) and 

Succinivibrionaceae (Succinivibrio) belonging to class Gammaproteobacteria were 

enriched in both fecal and proximal colon content. Desulfovibrionaceae are predominantly 

aerobic sulfate-reducing bacteria and has the ability to generate the highly toxic hydrogen 
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sulfide (H2S) molecules as part of their metabolic pathways. Overproduction of H2S has 

been associated with the pathogenesis of ulcerative colitis and colon cancer (Beaumont, et 

al., 2016). Microbes such as Desulfovibrio spp., and Bilophila spp. are associated with diets 

rich in fats and produce genotoxic hydrogen sulfide (H2S) gas, causing intestinal epithelial 

cell hypoplasia and hyperpermeability (Natividad, et al., 2018). The link between a high 

fat diet, Bilophila wadsworthia, and enhanced intestinal permeability is hypothesized to 

result from increase in taurine-containing luminal bile salt levels. It creates a reducing 

environment in the gut resulting in inhibition of butyrate oxidation, a step required to 

maintain both intestinal gut permeability and enterocyte energy balance (Devkota, et al., 

2012). Inferred metabolic pathways using PICRUSt showed an increase in energy 

metabolism, riboflavin metabolism, and toluene degradation pathways in both fecal and 

proximal colon of pigs when fed with high fat diet. Toluene degradation has also been 

found to be increased in both Crohn’s disease (CD) and Ulcerative Colitis (UC) samples 

in a microbiome survey meta-analysis (Zhou, et al., 2018). An increase in lipid metabolism 

(synthesis of bile acids, synthesis and degradation of ketone bodies) is also observed after 

eight weeks of high fat diet. Proximal colon has increased metabolism of glutathione amino 

acid and thiamine metabolism. Glycan biosynthesis and lipopolysaccharide biosynthesis 

proteins such as glycosyltransferases increased in proximal colon samples of high fat diet. 

It has been shown that high fat diets induce increased circulating levels of bacteria derived 

LPS in humans, possibly due to increased intestinal permeability (Moreira, Texeira, 

Ferreira, Peluzio, & Alfenas, 2012). Correlation network analysis shows that after eight 

weeks of high fat diet, Veillonellaceae_ Selenomonas has positive correlation with genera 
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Eisenbergiella, Butyrivibrio, Robinsoniella, and Lachnobacterium belonging to family 

Lachnospiraceae. Within family Prevotellaceae, genus Prevotella has positive correlations 

with Ruminococcaceae_Sporobacter and genus Xylanibacter has positive correlations with 

Ruminococcaceae_Clostridium IV. Among phylum Proteobacteria, Succinivibrionaceae_ 

Succinivibrio has positive correlations with Ruminococcaceae_Ruminococcus and 

negative correlations with Desulfovibrionaceae_Desulfocurvus and Prevotellaceae_ 

Alloprevotella.  

Dietary fructose induced a different pattern of dysbiosis than the high fat diet. A 

high-fructose diet feeding for eight weeks changed the microbial community structure but 

did not affect microbial alpha-diversity or beta-diversity. LEfSe indicates that after eight 

weeks of high fructose diet group, Bacteroidetes such as Bacteroidaceae (Bacteroides), 

Marinilabiliaceae (Alkalitalea), Porphyromonadaceae (Butyricimonas), 

Flammeovirgaceae (Limibacter), Cryomorphaceae (Fluviicola), Cyclobacteriaceae 

(Aquiflexum), Sphingobacteriaceae (Pseudosphingobacterium), Rikenellaceae (genus 

Rikenella) were enriched. Among Firmicutes, Lactobacillaceae (Lactobacillus, 

Lactonifactor), Clostridiales (Oxobacter), SCFA producing bacteria such as 

Lachnospiraceae (Roseburia), and Ruminococcaceae (Sporobacter) were enriched 

whereas Firmicutes such as Ruminococcaceae (Intestinimonas & Faecalibacterium) were 

significantly depleted. Faecalibacterium prausnitzii depletion have been reported in a 

number of intestinal and metabolic disorders such as inflammatory bowel diseases (IBD), 

irritable bowel syndrome (IBS), colorectal cancer (CRC), and celiac disease (Lopez-Siles, 

et al., 2018). Among Proteobacteria, families Enterobacteriaceae and Succinivibrionaceae 
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(Succinivibrio) were enriched. Fecal samples from pigs fed with high fructose diet had 

increased carbohydrate metabolism for citrate TCA cycle and for pyruvate metabolism. 

Dietary fructose is converted to acetate by the gut microbiota (Zhao, et al., 2020) and can 

be consumed in the form of acetyl-CoA by citrate TCA cycle. Pathways for tryptophan 

metabolism, glycan biosynthesis and lipid metabolism were also increased with the 

fructose diet. Proximal colon samples from fructose diet has enriched Bacteroidetes such 

as Bacteroidales (Phocaeicola), Porphyromonadaceae (Coprobacter), Firmicutes such as 

Lachnospiraceae (Lachnobacterium, Lactonifactor, Robinsoniella), Ruminococcaceae 

(Oscillibacter), and Spirochaetes such as Treponema. An increase in abundance of 

Oscillibacter in the proximal colon has been correlated to decreased gut barrier function 

and increased permeability (Lam, et al., 2012). Inferred metabolic pathways showed an 

increase in carbohydrate metabolism specifically for butanoate, galactose, and pentose and 

glucuronate interconversions in the proximal colon along with pathways for benzoate 

biodegradation and isoflavanoid biosynthesis. Correlational network analysis showed that 

after eight weeks of high fructose diet, among members of phylum Proteobacteria 

Enterobacteriaceae_Escherichia_Shigella has positive correlations with Veillonellaceae_ 

Anaerovibrio and Lachanospiraceae_Clostridium XIVa cluster. Succinivibrionaceae 

_Succinivibrio has positive correlations with Desulfovibrionaceae_Desulfocurvus, 

Bacteroidaceae_Anaerorhabdus, and Geobacteraceae_Geothermobacter. 

Desulfovibrionaceae_Desulfocurvus has a positive correlation with Ruminococcaceae_ 

Sporobacter. 
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Alpha diversity significantly decreased in proximal colon samples after eight weeks 

of high fructose-fat diet whereas it did not change in fecal samples. Beta diversity changed 

in both fecal content and proximal colon contents of pigs fed with high fructose-fat diet. 

LEfSe analysis indicated a significant increase in Firmicutes such as Clostridiales 

(Anaerovorax), Lactobacillaceae (Lactobacillus), Lachnospiraceae (Lachnospiracea, 

Dorea, Eisenbergiella, Lachnobacterium, Robinsoniella), Ruminococcaceae 

(Ruminococcus, Anaerotruncus, Oscillibacter, Sporobacter), Acidaminococcaceae 

(Acidaminococcus), Peptostreptococcaceae (ClostridiumXI), Veillonellaceae (Schwartzia, 

Anaerovibrio, Mitsuokella, Megasphaera), Erysipelotrichaceae (Bulleidia) whereas 

Firmicutes such as Ruminococcaceae (Faecalibacterium) was significantly depleted. 

Bacteroidetes such as Bacteroidaceae (Bacteroides), Marinilabiliaceae (Alkalitalea, 

Anaerophaga), Porphyromonadaceae (Parabacteroides) were also enriched. Among 

Proteobacteria, Hyphomonadaceae (Hellea), Desulfovibrionaceae (Bilophila, 

Desulfocurvus), and Enterobacteriaceae (Escherichia_Shigella, Citrobacter, 

Pluralibacter) were enriched. Proximal colon samples from high fructose-fat diet has 

significantly higher abundance of Bacteroidetes like Prevotellaceae (Prevotella), and 

Firmicutes like Lachnospiraceae (Oribacterium, Roseburia), Erysipelotrichaceae, 

Acidaminococcaceae (Succiniclasticum, Phascolarctobacterium), Veillonellaceae 

(Megasphaera, Mitsuokella, Schwartzia, Selenomonas) and Proteobacteria such as 

Desulfovibrionaceae (Bilophila), Enterobacteriaceae (Escherichia_Shigella) and 

Succinivibrionaceae (Succinivibrio). Number of metabolic pathways were increased in 

proximal colon samples with high fructose-fat diet. Carbohydrate metabolism, energy 
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metabolism and biosynthesis of unsaturated fatty acids increased with high fructose-fat 

tose diet. Most importantly high fructose-fat diet induced a significant increase in glycan 

biosynthesis in the proximal colon that included biosynthesis of lipopolysaccharide, and 

associated protein and enzymes such as glycosyltransferases. Lipopolysaccharide (LPS), 

also known as endotoxins, are components of the cell wall of gram-negative bacteria. It is 

an immune system modulator and a potent inflammatory agent that has been linked to the 

development of common metabolic diseases (Schoeler & Caesar, 2019). Correlational 

network analysis showed that after eight weeks of high fructose-fat diet, 

Ruminococcaceae_Oscillibacter has most the positive correlation with families 

Erysipelotrichaceae, Lachnospiraceae_Oribacterium, Prevotellaceae_Prevotella, 

Acidaminococcaceae_Acidaminococcus, Veillonellaceae_Mitsuokella, and 

Veillonellaceae_Megasphaera. Ruminococcaceae_Oscillibacter also has a number of 

negative correlations after eight weeks of fructose-fat diet that incudes correlation with 

orders Clostridiales and Bacteroidales, families Porphyromonadaceae_Parabacteroides 

Prevotellaceae_Paraprevotella, Prevotellaceae_Hallella, and Erysipelotrichaceae 

_Turicibacter. Among members of phylum Proteobacteria, 

Campylobacteraceae_Campylobacter has positive correlation with families 

Veillonellaceae_Megasphaera, Veillonellaceae_Mitsuokella, and Erysipelotrichaceae_ 

Bulleidia. Succinivibrionaceae_Succinivibrio has positive correlation with 

Lachnospiracea and Cryomorphaceae_Fluviicola. 

A study in Ossabaw swine demonstrated that a western diet consisting of high fat, 

fructose and cholesterol resulted in an increased Firmicutes and decreased Bacteroidetes 
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along with increase in the Proteobacteria family Enterobacteriaceae. The relative 

abundances of Proteobacteria families and genera in the gamma Proteobacteria class (i.e., 

Enterobacteriaceae, Desulfovibrionaceae, Desulfovibrio, Succinivibrionaceae, and 

Succinivibrio), as well as gram-negative Bacteroidetes family Prevotellaceae, was 

profoundly increased with the western diet (Panasevich, Wankhade, Chintapalli, Shankar, 

& Rector, 2018). Prolonged western diet also resulted in a microbiome with a greater 

predicted metabolic function for glycan biosynthesis and metabolism, which included LPS 

biosynthesis and LPS biosynthesis proteins. Western diet also induced changes in the 

microbiome that were associated with increased markers of intestinal permeability and 

hepatic inflammation, and likely played a role in NAFLD pathogenesis in the pig model 

(Panasevich, et al., 2018). Similarly, we observed a significant increase in the 

Proteobacteria families Enterobacteriaceae, Desulfovibrionaceae, and 

Succinivibrionaceae in high fructose-fat diet which also resulted in increased metabolic 

pathways for LPS biosynthesis. Both Desulfovbrionaceae and Enterobacteriaceae are 

endotoxin producers and have been linked to increased gut permeability in NASH (Zhu, et 

al., 2013).  
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6. CONCLUSION 

Diet is one of the most important factors in shaping the gut microbiota and it can 

have a profound impact on overall human health. Dietary interventions and nutritional 

therapies with functional or medicinal foods, dietary supplements, probiotics, and 

prebiotics hold great promise for treating microbiota-associated diseases. Before these 

possibilities can be utilized, the effects of specific diet components such as mono- vs. 

polyunsaturated fats, fructose vs. sucrose, or various types of fibers and bioactive 

compounds need to be fully assessed. Besides knowing the effects of specific components 

in the diet, further studies need to be done to understand the relationship between diet’s 

different components and its effect on alteration of the gut microbiota composition.  

The work we have presented here supports that diet could be used to modulate the 

gut microbiome. In the cocoa study, we were able to show the prebiotic effect of the cocoa 

diet and that it can be used to modulate the growth of beneficial bacteria such as 

Bifidobacterium and Roseburia. These beneficial effects were seen with or without the use 

of probiotic. This study also shows that probiotic supplementation could be used to treat or 

prevent nematode infection in pigs. Similarly, in the mushroom study, we were able to 

show the prebiotic effect of the mushroom diet with an increase in beneficial bacteria 

belonging to families such as Lachnospiraceae, Ruminococcaceae, and Prevotellaceae. 

Beneficial effects could be seen with or without the use of probiotic L. casei. Fructose-fat 

study shows how a high fructose-fat diet can have a detrimental impact on health due to an 

increase in abundance of bacteria such as Bilophila, Desulfocurvus, and 
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Escherichia_Shigella belonging to phylum Proteobacteria. This study also shows that the 

combination of high fructose and fat causes microbial dysbiosis due to nutrient overload 

can result in increased intestinal permeability and increased inflammation in the intestinal 

epithelium. 

In cocoa and mushroom studies, we observed a significant increase in 

Lactobacillaceae (genus Lactobacillus) after the probiotic Lactobacillus rhamnosus GG 

and L. casei diet, and a significant increase in Bifidobacterium with L. casei diet. Both 

studies also showed an increase in inferred metabolic pathways for carbohydrate 

metabolism.  

While performing LEfSe analysis for the studies mentioned above, it became clear 

that when the longitudinal analysis was done using LEfSe some of the bacteria would 

change over time in all diet treatments. For example, in fructose-fat study, families such as 

Bacteroidaceae (Bacteroides), Marinilabiliaceae (Alkalitalea), Lactobacillaceae 

(Lactobacillus), and Ruminococcaceae (Sporobacter) increased after eight weeks in all 

dietary groups. Similarly, in the cocoa study, Marinilabiliaceae increased after four weeks 

in all dietary treatment groups. In the mushroom study, Synergistaceae (Aminiphilus) and 

Succinivibrionaceae (Succinivibrio) increased after six weeks in all dietary treatment 

groups. One possibility of this increase could be due to changes in the microbiome 

associated with pig’s growth. 

In the above-mentioned studies, we used the UCLUST algorithm, a hierarchical 

clustering method where OTU clusters are generated from sequences based on their 

identities. Each cluster has a centroid or representative sequence. The sequences that have 



129 

 

 

 

identities greater than or equal to the 97% identity threshold form a cluster, the sequences 

with less than the identity threshold form a separate cluster. The order of sequences in the 

UCLUST clustering process is important as the first sequence from the input file is selected 

as the representative sequence. The next sequence is compared to the first sequence and 

placed in the same centroid if the sequence has an identity greater than the set threshold 

otherwise it forms a new centroid. Clustering performed by such a process is not 

reproducible. In the future, it would be good to use the same dataset and analyze with other 

clustering algorithms such as USEARCH where clusters are identified by similar words, 

referred to as k-mers. 
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