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Dietary supplementation 
with flaxseed meal and oat 
hulls modulates intestinal 
histomorphometric characteristics, 
digesta- and mucosa-associated 
microbiota in pigs
S. P. Ndou1, H. M. Tun  1, E. Kiarie1,2, M. C. Walsh4, E. Khafipour1,3 & C. M. Nyachoti1

The establishment of a healthy gastrointestinal milieu may not only offer an opportunity to reduce 
swine production costs but could also open the way for a lifetime of human health improvement. This 
study investigates the effects of feeding soluble fibre from flaxseed meal-containing diet (FM) and 
insoluble fibre from oat hulls-containing diet (OH) on histomorphological characteristics, digesta- and 
mucosa-associated microbiota and their associations with metabolites in pig intestines. In comparison 
with the control (CON) and OH diets, the consumption of FM increased (P < 0.001) the jejunal villi 
height (VH) and the ratio of VH to crypt depths. The PERMANOVA analyses showed distinct (P < 0.05) 
microbial communities in ileal digesta and mucosa, and caecal mucosa in CON and FM-diets fed pigs 
compared to the OH diet-fed pigs. The predicted functional metagenomes indicated that amino acids 
and butanoate metabolism, lysine degradation, bile acids biosynthesis, and apoptosis were selectively 
enhanced at more than 2.2 log-folds in intestinal microbiota of pigs fed the FM diet. Taken together, 
flaxseed meal and oat hulls supplementation in growing pigs’ diets altered the gastrointestinal 
development, as well as the composition and function of microbial communities, depending on the 
intestinal segment and physicochemical property of the dietary fibre source.

Supplementing swine diets with agricultural and industrial co-products increases the dietary fibre (DF) content, 
which can alter the gastrointestinal (GI) milieu. The changes induced by DF include alteration of gut microbi-
ome, enhancement of gut mucosal barrier integrity and function, increased host mucosal immunity and func-
tion, increased short chain fatty acids (SCFA) production and associated reduction in mucosal interaction of 
opportunistic enteric pathogens1,2. The SCFA produced from DF fermentation act as energy sources to the host, 
regulate epithelial, immune cell, and microbial growth and apoptosis1. Other studies have revealed that intestinal 
microbiota play a central role during biotransformation of primary bile acids (BA) to secondary BA and alter BA 
composition3–5. There is also accumulating evidence that BA facilitates a cross-talk between intestinal microbiota 
and energy or lipid metabolism1,3,4. Interestingly, a growing body of research has also pinpointed that BA, in turn, 
alter the community structure of GI microbiota4,5. It is intriguing to note that even when pigs are fed nutrition-
ally balanced diets that are supplemented with fibrous ingredients and supplemental fat, growth performance 
is depressed6–8. This has stimulated further interests in understanding the relationships between SCFA and BA 
flows, dietary fat absorption, lipid metabolism-related blood metabolites and gut microbiota composition and 
function, but there is limited research to determine the effects of different DF sources and/or types.
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Flaxseed meal and oat hulls are agricultural co-products that can be incorporated into diets of pigs. Flaxseeds 
(Linum usitatissimum) are rich sources of soluble non-starch polysaccharides (NSP), α-linolenic acid (ALA), 
and lignans9,10, whereas, oat (Avena sativa) hulls have high contents of lignin, an insoluble fibre11,12. Research on 
feeding flaxseed has primarily focused on fatty acids utilization in finishing pigs, as well as growth performance, 
nutrient utilization8,13 and ileal microbiota in weaned pigs14. Studies with oat hulls have also limited their focus 
on growth performance and nutrient digestibility in piglets15,16 and its ability to reduce microbial proteolysis in 
the large intestine11. In humans and rodents, both flaxseed and oat hulls have been speculatively linked with the 
ability to ameliorate metabolic disorders but the mechanism of action is not clear17. To our knowledge, very few, if 
any studies have been conducted to investigate the ability of flaxseed meal and oat hulls to modulate gut microbi-
ota composition and function, intestinal morphology and functions, and their associations with GI metabolites.

Thus, the aim of the present study was to determine the effects of soluble fibre from flaxseed meal and insol-
uble fibre from oat hulls on histomorphological characteristics of ileal mucosa and microbiota composition and 
their association with gastrointestinal and blood lipid-related metabolites in the ileal- and caecal-digesta and 
mucosa of growing pigs fed corn and soybean meal-based diet. A bioinformatic approach (PICRUSt) was used 
to predict the functional properties of ileal and caecal digesta- and mucosa-associated microbial communities.

Results
Experimental diets. Dietary neutral detergent fibre (NDF) content (% as fed) was 9.4, 18.0 and 18.7% in the 
CON, FM and OH diets, respectively (Supplementary Table S2). The NSP solubility in the three treatment diets 
was 8.4, 26.3 and 11.9% for CON, FM and OH diets, respectively. The SWC in CON, FM, and OH diets were 2.67, 
2.85 and 2.67 mL/g, respectively (Supplementary Table S2). The WHC was 3.31 mL/g in CON diet, 5.98 mL/g in 
FM diet, and 4.52 mL/g in OH diet.

Intake of dietary components and growth performance measurements. The average daily gross 
energy (GE) intake was highest in the OH diet-fed pigs compared to pigs fed CON and FM diets (P < 0.001) 
(Supplementary Table S3). Protein intake was not significantly influenced by the treatments but metabolizable 
energy intake was lower in pigs supplemented FM diet (P = 0.006) compared to those fed CON and OH diets. 
Pigs that consumed the CON and FM diets had lower intake of fat (P < 0.001) and insoluble NSP (P = 0.003) than 
OH diets-fed pigs. The intake of soluble fibre was greatest in FM diet-fed pigs compared to the OH and CON 
diets-fed pigs (P < 0.001). However, the intake of total NSP was greater in OH diet-fed pigs compared to the FM 
and CON diets-fed pigs (P < 0.001). The SFI and FCR were not influenced (P > 0.05) by dietary treatment, but 
pigs that consumed the CON and OH diets tended (P = 0.060) to have a higher SADG compared to those fed the 
FM diet.

Dietary inclusion of flaxseed meal and oat hulls modulates intestinal histomorphometric char-
acteristics. Addition of flaxseed meal and oat hulls in pig diets decreased (P < 0.001) the villi height (VH) 
in the duodenum and ileum compared to CON diet (Supplementary Table S4). The jejunal VH were higher 
(P < 0.001) in FM diet-fed pigs compared to CON and OH diets-fed pigs. Although there was a tendency in 
which crypt in duodenum of pigs fed FM diets was deeper (P = 0.057) compared to those fed OH diets, no signif-
icant differences were observed in jejunal and ileal crypt depth (CD) among treatments. Dietary inclusion of flax-
seed meal decreased (P < 0.037) the ileal VH:CD ratio and tended to decrease (P = 0.073) the duodenal VH:CD 
ratio, but increased (P < 0.001) jejunal VH:CD in comparison to CON and OH diets.

Supplementation with flaxseed meal and oat hulls alters gastrointestinal tract (GIT) environment.  
Alpha-diversity differences in the ileal and caecal microbial communities. As illustrated in Supplementary 
Table S5 and Fig. S1, no significant diet-induced effects were observed on Chao1 richness as well as Shannon and 
Simpson diversity indices in ileal digesta microbiota. Although there were no significant differences observed 
on Chao1 richness (P = 0.828) and Simpson diversity (P = 0.365) indices in ileal mucosa-associated microbiota, 
there was a tendency (P = 0.064) in which the greatest Shannon diversity value was observed in FM diet-fed 
pigs, followed by OH and CON-diet fed pigs (Supplementary Table S6 and Fig. S2). The Shannon diversity index 
indicated no treatment effects (P > 0.10) within caecal digesta microbiota but the Chao1 index revealed a ten-
dency in which species richness in CON diet-fed pigs was lower (P = 0.05) compared to pigs consumed OH 
and FM diets (Supplementary Table S5 and Fig. S3). According to Shannon diversity index calculated in caecal 
mucosa, higher (P = 0.015) bacterial diversity was observed in both FM and CON diets-fed pigs compared to OH 
(Supplementary Table S6 and Fig. S4). The comparison of Chao1 index within caecal mucosa revealed that species 
richness was higher (P = 0.039) in FM diet-fed pigs compared to those fed the CON diet. There were no treatment 
effects on Simpson diversity index in caecal mucosa-associated microbiota (P = 0.144).

Assessment of beta-diversity differences in ileal and caecal microbiota. The assessment of 
β-diversity differences in ileal and caecal microbiota are illustrated in Fig. 1a,b. The PERMANOVA analyses 
of unweighted UniFrac distances revealed distinct clustering patterns between the ileal digesta microbiota of 
CON and FM (P = 0.010), and FM and OH diets-fed pigs (P = 0.005). The PERMANOVA analysis of unweighted 
UniFrac distances also revealed distinctions between caecal mucosa-associated microbiota of the CON and 
FM-diets fed pigs (P = 0.030), and ileal mucosa-associated microbiota of pig fed FM and OH diets (P = 0.041).

Composition of ileal digesta and mucosa-associated microbiota. Taxonomic classification of clus-
tered OTUs in the ileal microbiota revealed the presence of 10 bacterial phyla. While some of OTUs were identi-
fied at the genus (g.) or species levels, others were only classified at the phylum (p.), class (c.), order (o.), or family 
(f.) level. Firmicutes were the most abundant phylum, followed by Bacteroidetes and Proteobacteria, with pigs 
fed the FM and OH diets having (P = 0.081) the greatest proportion of p. Firmicutes in digesta compared to pigs 
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fed CON diet (Fig. 2a, Supplementary Table S7). Ileal mucosa-associated microbiota, p. Firmicutes were most 
(P = 0.001) dominant in CON diet-fed pigs compared to those fed the FM and OH diets (Fig. 2b, Supplementary 
Table S8). However, p. Bacteroidetes did not differ (P = 0.772) among treatment groups in ileal digesta but was 
highest (P < 0.001) in ileal mucosa of FM diet-fed pigs and lowest in pigs fed the OH diet compared to those fed 
the CON diet. The compositions of bacterial taxa at the genus level in the ileal digesta and mucosa of pigs fed the 
experimental diets are presented in Supplementary Tables S9 and S10, respectively. As illustrated by differences in 
colour codes on the heat map, the cluster analysis of microbial community indicated that the abundance of taxa 
in ileal digesta (Fig. 3) and mucosa (Fig. 4) differed (P < 0.05) between diet treatments.

Composition of caecal digesta and mucosa-associated microbiota. The taxonomic classifica-
tion of clustered OTUs in the caecal microbiota revealed the presence of 13 bacterial phyla in digesta (Fig. 2c, 
Supplementary Table S11) and 12 bacterial phyla in mucosa (Fig. 2d, Supplementary Table S12). The majority of 
OTUs were identified at the genus (g.) or species levels, but some were only classified at the phylum (p.), class (c.), 
order (o.), or family (f.) level. Among the most dominant phyla in caecal digesta, the proportion of Firmicutes 
was higher (P < 0.001) in pigs fed the FM diet compared to those fed OH and CON diets (Fig. 2c, Supplementary 
Table S11). Although no significant differences were observed on the proportion of p. Bacteroidetes across all 
treatments, the proportion of p. Proteobacteria was higher (P = 0.049) in FM diet-fed pigs compared to that of 
pigs fed the OH and CON diets. As depicted in Fig. 2d and Supplementary Table S12, p. Bacteroidetes were the 
most dominant phyla in caecal mucosa and their proportion was lowest (P = 0.008) in OH diet-fed pigs compared 
to the CON. No significant differences were observed in the proportions of p. Firmicutes among treatments. 
However, the proportion of Proteobacteria in caecal mucosa of OH diet-fed pigs were higher (P < 0.001) com-
pared to CON. The compositions of bacterial genera in caecal digesta and mucosa-associated microbiota of pigs 
fed the experimental diets are presented in Supplementary Tables S13 and S14, respectively. As shown by differ-
ences in colour codes on the heat map, the cluster analysis of microbial community indicated that the abundance 
of the taxa in caecal digesta (Fig. 5) and mucosa (Fig. 6) differed (P < 0.05) between diet treatments.

Predicted functional capacity of the intestinal microbiota. As illustrated in Fig. 7A, various types of 
N-glycan biosynthesis mechanisms were overrepresented at more than 2.2 log-folds within ileal digesta micro-
biota of FM diet-fed pigs, whereas arginine and proline metabolism were enriched in ileal digesta microbiota of 
CON diet-fed pigs. Figure 7B depicts that functional pathways including primary BA, secondary BA and carote-
noid biosynthesis, phosphatidylinositol signalling system and apoptosis were enriched in ileal mucosa-associated 
microbiota of FM diet-fed pigs. In addition, the Kyoto Encyclopaedia of Genes and Genomes (KEGG) functional 
pathways including transcription machinery and bacterial chemotaxis indicated more than 3.1 log-fold increase 
within the ileal mucosa of CON diet-supplemented pigs (Fig. 7B).

Functional pathways enriched within caecal digesta microbiota in FM diet-fed pigs were histidine metabo-
lism, whereas cytoskeleton proteins were augmented in caecal digesta microbiota in CON diet-fed pigs (Fig. 8A). 
As shown in Fig. 8B, various functional pathways were enriched by more than 2.0 log-fold increase within ileal 

Figure 1. Non-metric multidimensional scaling (nMDS) ordination plot, illustrating beta biodiversity 
differences of bacterial community compositions in the caecal digesta (D) and mucosa-associated microbiota 
(T) of pigs fed control (CON), flaxseed meal (FM) and oat hulls (OH) diets. The PERMANOVA analyses of 
unweighted UniFrac distances revealed distinct clustering patterns between the ileal digesta microbiota of CON 
and FM (P = 0.010), and FM and OH diets-fed pigs (P = 0.005). The PERMANOVA analysis of unweighted 
UniFrac distances also revealed distinctions between caecal mucosa-associated microbiota of the CON and FM-
diets fed pigs (P = 0.030), and ileal mucosa-associated microbiota of the FM and OH-diets fed pigs (P = 0.041).
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mucosa-associated microbiota across all treatments. Specifically, KEGG pathways including secretion, bacterial 
secretion and sulphur relay systems, protein kinases and biosynthesis and biodegradation of secondary metabo-
lites, inorganic ion transport and metabolism of inositol phosphate, alpha-linoleic acid, and inorganic ion were 
enriched in OH diet-fed pigs. Furthermore, functional pathways including proximal tubule bicarbonate reclama-
tion, benzoate and lysine degradation, as well as butanoate, arginine and proline, glyoxylate and dicarboxylate, 
ascorbate and aldarate, and phenylalanine metabolism were enriched in FM diet-fed pigs. Moreover, the most 
significantly enriched functional pathways in ileal mucosa of CON-fed pigs were starch and sucrose, cysteine and 
methionine, amino sugar and nucleotides sugar, galactose, nicotinate and nicotinamide, and tyrosine metabolism; 

Figure 2. Relative abundances of bacterial phyla (p) in the: (a) ileal digesta; (b) ileal mucosa (c); caecal digesta 
(d); and caecal mucosa-associated microbiota of pigs fed the control (CON); flaxseed meal (FM) and oat 
hulls (OH) diets. The statistical differences were calculated using GLIMMIX procedure and were presented in 
Supplementry Tables S7, S8, S11 and S12.
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peptidoglycan and glycosphingolipids biosynthesis, as well as glycolysis-gluconeogenesis, glycosyltransferases, 
antigen processing and presentation, proteasome, and carbohydrate digestion and absorption.

Potential connections between specific intestinal digesta and mucosa-associated microbiota, gut  
metabolites and blood lipids. Significant correlations were observed between selected taxa, with GI 
metabolites and lipid metabolism-related blood metabolites (Supplementary Tables S15–18). In ileal digesta, 
positive correlations were observed between g. Lactobacillus and CA-CDCA (Rho = 0.427; P = 0.023), g. 
Streptococcus and fat digestibility (Rho = −0.417; P = 0.017). The presence of g. Lactobacillus was negatively 
correlated with IDCA (Rho = −0.644; P < 0.001), whereas f. Veillonellaceae was positively correlated acetate 
(Rho = 0.534; P = 0.002). In ileal mucosa, g. Lactobacillus is positively correlated with propionate, LCA, DCA 
and IDCA; whereas g. Veillonella spp. is positively correlated with propionate, butyrate and valerate (P < 0.05). In 

Figure 3. Cluster analysis of microbial communities in the ileal digesta of pigs fed control diet (CON), 
flaxseed meal (FM) and oat hulls (OH) diets. The sample identifiers on the top branches for diet treatments 
are coloured. Right branches are coloured to indicate the taxonomical assignment of the OTUs at the phylum 
level. Each row represents one bacterial taxa (relative abundance above 0.01%), and some taxa could only be 
classified to family (f), order (o), class (c), or phylum (p) level. The taxa names were labeled by the colour code 
(magenta) to indicate the abundance of the taxa significantly differed between diet treatments (P < 0.05). The 
normalized relative abundance of bacterial taxa from illumina-sequenced 16 S rRNA sequences in each sample 
is reflected by the colour of the scale (light yellow to black) on the heat map. The dendrogram on the top shows 
how the samples are clustered based on the Bray–Curtis dissimilarity measure, averaged by diet treatment. The 
dendrogram on the right shows clustering of bacterial taxa data based on the Spearman’s rank correlation. The 
Box-Plots showed the relative abundances of bacterial taxa in ileal digesta microbiota among the three diet 
treatments.
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caecal digesta, g. Clostridium, g. Prevotella, g. Coprococcus, and g. Dorea were negatively correlated with butyrate, 
but f. Coriobacteriaceae and g. Acidiminococcus were positively correlated with butyrate (P < 0.05).

Discussion
The cross-talk between diet, gut microbiota, host’s GI tract epithelium, GI metabolites and overlying mucus layer 
is complex and partly relies on amount and type of DF. Our recent findings showed that flaxseed meal and oat 
hulls supplementation in growing pigs’ diets induced variable effects on growth performance, blood lipids, intes-
tinal fermentation, bile acids, and neutral sterols8. The present study is the first to compare the effects of feeding 
flaxseed meal and oat hulls on intestinal histomorphological features and digesta and mucosa-associated micro-
biota. As mentioned above, gut microbiota can modulate the pool and composition of both BA and SCFA, and in 

Figure 4. Cluster analysis of microbial communities in the ileal mucosa of pigs fed control diet (CON), 
flaxseed meal (FM) and oat hulls (OH) diets. The sample identifiers on the top branches for diet treatments 
are coloured. Right branches are coloured to indicate the taxonomical assignment of the OTUs at the phylum 
level. Each row represents one bacterial taxa (relative abundance above 0.01%), and some taxa could only be 
classified to family (f), order (o), class (c), or phylum (p) level. The taxa names were labeled by the colour code 
(magenta) to indicate the abundance of the taxa significantly differed between diet treatments (P < 0.05). The 
normalized relative abundance of bacterial taxa from illumina-sequenced 16 S rRNA sequences in each sample 
is reflected by the colour of the scale (light yellow to black) on the heat map. The dendrogram on the top shows 
how the samples are clustered based on the Bray–Curtis dissimilarity measure, averaged by diet treatment. The 
dendrogram on the right shows clustering of bacterial taxa data based on the Spearman’s rank correlation. The 
Box-Plots showed the relative abundances of bacterial taxa in ileal mucosa microbiota among the three diet 
treatments.



www.nature.com/scientificreports/

7Scientific REPoRTS |  (2018) 8:5880  | DOI:10.1038/s41598-018-24043-5

turn, these GI metabolites alter the richness and diversity of communal structure of intestinal microbiome3,4, but 
there is limited research about effects of practical sources of DF fed to farmed animals.

Histological attributes of the intestines are modulated by DF, but their growth and development was critically 
associated with optimal growth performance in pigs18,19. For example, a rise in butyrate and nutrient concentra-
tion in the intestinal lumen increases VH or deeper crypts20,21, and is associated with an increased absorptive 
capacity of intestines and a healthy gut22. In the present study, an increase in jejunal VH was observed in pigs 

Figure 5. Cluster analysis of microbial communities in the caecal digesta of pigs fed control diet (CON), 
flaxseed meal (FM) and oat hulls (OH) diets. The sample identifiers on the top branches for diet treatments 
are coloured. Right branches are coloured to indicate the taxonomical assignment of the OTUs at the phylum 
level. Each row represents one bacterial taxa (relative abundance above 0.01%), and some taxa could only be 
classified to family (f), order (o), class (c), or phylum (p) level. The taxa names were labeled by the colour code 
(magenta) to indicate the abundance of the taxa significantly differed between diet treatments (P < 0.05). The 
normalized relative abundance of bacterial taxa from illumina-sequenced 16 S rRNA sequences in each sample 
is reflected by the colour of the scale (light yellow to black) on the heat map. The dendrogram on the top shows 
how the samples are clustered based on the Bray–Curtis dissimilarity measure, averaged by diet treatment. The 
dendrogram on the right shows clustering of bacterial taxa data based on the Spearman’s rank correlation. The 
Box-Plots showed the relative abundances of bacterial taxa in caecal digesta microbiota among the three diet 
treatments.
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which consumed the FM diet compared to those fed the CON and OH diets, suggesting an increase of ingesta in 
the lumen20,21,23.

Interestingly, the microbial metagenomics activities in the current study indicated that the KEGG functional 
pathways of apoptosis were elevated in ileal mucosa of pigs fed the FM diet and occurred at the same time with 
a decrease in the ileal VH and VH:CD ratio in pigs fed the FM-diet. Apoptosis can be defined as a mechanism 
where excess or redundant cells are degenerated and removed during development and restricted tissue size is 
maintained as a normal and controlled process of an organism’s growth or development24. The increase in the 
apoptosis could have been a compensatory mechanism to open the way for replenishing mucosal cells follow-
ing the damage which may be indirectly caused by the viscous characteristics of the NSP mucilage in flaxseed 
meal25. Butyrate had been shown to increase apoptosis in human colonic cell lines24. Reinforcing this idea is 
the observation in the present study that the KEGG metagenomics pathways of butyrate metabolism in ileal 
mucosa-associated microbiota were increased by more than 2.5 fold in pigs fed the FM diet. Moreover, there 

Figure 6. Cluster analysis of microbial communities in the caecal mucosa of pigs fed control diet (CON), 
flaxseed meal (FM) and oat hulls (OH) diets. The sample identifiers on the top branches for diet treatments 
are coloured. Right branches are coloured to indicate the taxonomical assignment of the OTUs at the phylum 
level. Each row represents one bacterial taxa (relative abundance above 0.01%), and some taxa could only be 
classified to family (f), order (o), class (c), or phylum (p) level. The taxa names were labeled by the colour code 
(magenta) to indicate the abundance of the taxa significantly differed between diet treatments (P < 0.05). The 
normalized relative abundance of bacterial taxa from illumina-sequenced 16 S rRNA sequences in each sample 
is reflected by the colour of the scale (light yellow to black) on the heat map. The dendrogram on the top shows 
how the samples are clustered based on the Bray–Curtis dissimilarity measure, averaged by diet treatment. The 
dendrogram on the right shows clustering of bacterial taxa data based on the Spearman’s rank correlation. The 
Box-Plots showed the relative abundances of bacterial taxa in caecal mucosa microbiota among the three diet 
treatments.
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Figure 7. Predicted functional metagenomes of ileal digesta (A) and mucosa (B) microbiota of pigs fed control 
(CON) and flaxseed meal (FM) diets. Linear discriminant analysis (LDA) was performed to identify significant 
changes in the proportion of reconstructed functional pathways obtained from PICRUSt predictive algorithms 
at Kyoto Encyclopaedia of Genes and Genomes (KEGG; level 2 and 3). Analysis was performed using linear 
discriminant analysis of effect size (LEfSe), a metagenome analysis approach which performs the LDA following 
the Wilcoxon Mann-Whitney test to assess effect size of each differentially abundant variable. Colour code 
represents the class of treatment. Red indicates variables that were detected as significantly (Log LDA > 2.00) 
more abundant in CON whereas green indicates variables that were detected as significantly more abundant in 
FM diet-fed pigs).

Figure 8. Predicted functional metagenomes of in caecal digesta (A) and mucosa (B) microbiota of pigs fed 
the control (CON) and flaxseed meal (FM) diets. Linear discriminant analysis (LDA) was performed to identify 
significant changes in the proportion of reconstructed functional pathways obtained from PICRUSt predictive 
algorithms at Kyoto Encyclopaedia of Genes and Genomes (KEGG; level 2 and 3). Analysis was performed 
using linear discriminant analysis of effect size (LEfSe), a metagenome analysis approach which performs the 
LDA following the Wilcoxon Mann-Whitney test to assess effect size of each differentially abundant variable. 
Colour code represents the class of treatment. Red indicates variables that were detected as significantly (Log 
LDA > 2.00) more abundant in CON, whereas green indicates variables that were detected as significantly more 
abundant in FM diet-fed pigs. Blue indicates variables that were detected as significantly more abundant in OH-
diet fed pigs.
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was a positive correlation between butyrate concentration and Veillonella spp., a well-known lactate-fermenting 
bacterium26.

A similar trend was observed on the composition of bacterial communities in ileal digesta from both FM 
and OH diets-fed pigs where members of the Firmicutes phyla were the most dominant followed by smaller 
relative abundance of Bacteroidetes and Proteobacteria. The findings demonstrated that an increase in DF intake 
induced a shift in microbial composition due to the presence of substrate that promote growth of beneficial 
phyla and reduce the abundance of BA-tolerant species in ileal digesta27,28. Previous studies have also revealed 
that BA in intestinal digesta suppresses growth of p. Bacteroidetes and Actinobacteria, and consequently exert 
beneficial effects on p. Firmicutes, especially BA-7α-dehydroxylating species4. Supporting these notions are pos-
itive correlations between bacterial order Clostridiales and family Clostridiaceae with secondary BA (lithocholic 
acid (LCA), deoxycholic acid (DCA), isodeoxycholic acid (IDCA), ursodeoxycholic acid (UDCA) observed 
in the current study supports the notion that g. Clostridium are the only members of the Firmicutes phylum 
that possess 7α/β-dehydroxylase and catalyze the hydrogenation reaction of primary BA to generate second-
ary BA29–31. Furthermore, a positive correlation between g. Lactobacillus and primary acids (CD-CDAC) and 
secondary IDCA observed in the current study agrees with the notion by Begley et al.32, and categorically indi-
cates that gut commensal phyla tolerate BA by expressing bile salt hydrolase (BSH). The observations that order 
Clostridiales and Clostridiaceae families in ileal digesta, and g. Clostridium and Clostridiaceae families in caecal 
digesta were positively correlated with secondary BA, such as LCA, DCA, IDCA and UDCA are also consistent 
with reports by Ridlon et al.33,34. Clostridium and Eubacterium genera are members of Firmicutes phylum that 
convert primary BA into secondary forms through gut microbial 7-dehydroxylation and 7 α/β-epimerization5. 
The observation that the Firmicutes phyla were the most dominant in ileal mucosa of pigs fed the control diet 
compared to that of pigs which consumed FM and OH diets was unexpected and is difficult to explain with varia-
bles measure in the current study. However, the positive correlation observed between g. Streptococcus and DCA 
in ileal mucosa is supported by Salvioli et al.35 who reported that administration of Streptococcus spp, bacteria that 
produce substances acting against c. Clostridia reduced cholesterol saturation and molar percentage of DCA in 
bile and consequently increased CA and DCA in faeces. Moreover, flaxseed meal and oat hulls supplementation 
reduced the absorptive capacity of intestinal mucosa by decreasing VH, and indirectly promoted BA deconju-
gation36–38. Metagenomic analyses in previous studies have revealed that functional BSH activities are present 
in all major bacterial divisions in human gut including members of Lactobacilli, Bifidobacteria, Clostridium and 
Bacteroides33,36,37,39. Interestingly, the microbial metagenomic analysis in the current study indicated that KEGG 
functional pathways of primary BA and secondary BA biosynthesis were enriched in ileal mucosal microbiota of 
FM diet-fed pigs. Thus, ingestion of flaxseed meal fibre could promote BA biotransformation by altering intes-
tinal microbiota in a beneficial fashion in human nutrition. Conversely, this could have adverse effects in swine 
nutrition because BA formation and enterohepatic circulation (EHC) occurs at the expense of cholesterol and 
metabolizable energy needed for growth performance. In fact, EHC occurs in humans about six times a day5 and 
BSH is enriched in gut microbiota compared to other microbial ecosystem39. In this regard, EHC and microbial 
species should be investigated in more detail to understand why performance is depressed in pigs that are fed 
nutritionally balanced high-fibre diets that are also supplemented with vegetable oil.

Although a statistical difference was not observed for g. Clostridium among treatments, p. Firmicutes mem-
bers in ileal digesta; Lactobacillus, Clostridiales and Clostridiaceae increased in abundance in pigs fed the FM 
and OH diets, whereas, g. Prevotella were negatively influenced by intake of FM diets only. The relative increase 
in abundance of g. Lactobacillus is supported by their positive correlation with ileal propionate in the present 
study and by findings from previous studies performed in vivo using weaned pigs14 and adult men17, and in vitro 
using cow gut microbiota40. These studies demonstrated that fermentation of flaxseed fibres yields a remarkably 
high proportion of propionic acid. Because g. Lactobacillus increase was associated with a lower abundance of g. 
Faecalibacterium also reported by Berggren et al.41, it can be speculated that the mechanism by which the former 
suppresses the growth of the latter species is by competitive exclusion as well changes in enzymatic activities42. 
Lactobacilli and streptococci are major species in the pig intestine and can convert carbohydrates into lactic 
acid43. The cross-feeding theory suggests that lactic acid can be utilized by Veillonella spp as a carbon source and 
converted into propionate and acetate26. Thus, findings in the present study that respective increases in lactobacilli 
and streptococci were associated with increased Veillonellaceae families in ileal digesta and Veillonella spp in cae-
cal mucosa of pigs that consumed flaxseed meal supports this phenomenon. Furthermore, the strong correlations 
observed between Veillonellaceae families and propionate in ileal digesta; g. Veillonella and propionate in ileal 
mucosa; and f. Veillonellaceae with acetate in caecal mucosa are further indicators of the presence of bacteria that 
do not ferment fibre but use fermentation products that are produced by others in the gut26. Thus, the increased 
g. Lactobacillus in FM diet fed pigs supports the suggestions by Kiarie et al.14 that there are great opportunities for 
using flaxseed meal to modify intestinal microbial activity in a beneficial fashion.

Although the proportion of other p. Firmicutes such as o. Clostridiales and f. Clostridiaceae increased with 
intake of FM in the ileum, these microbial communities were underpopulated in the ileal mucosa, caecal digesta 
and caecal mucosa, compared to the CON and OH diets-fed pigs. The suppression of these beneficial members 
is difficult to explain but could be attributed to the fact that during digesta transit from ileum to cecum there is a 
concomitant reduction in the quantities of substrate needed to support their microbial fermentation. However, 
positive correlations observed between Clostridiaceae families in cecum digesta and g. Lachnospira in caecal 
mucosa with butyrate concentrations in this study are in agreement with the common dogmatic belief that these 
microbial communities generate butyrate44. There is a need for future studies to evaluate DF degradation in dif-
ferent segments of the gut.

Protein that escapes digestion in the upper gut can be fermented by microbial communities in the hindgut to 
produce branched-chain amino acids2. The proportions of p. Proteobacteria in caecal digesta were highest in FM, 
whereas p. Bacteroidetes colonized caecal mucosa of OH diets-fed pigs. Bacteroidetes and Proteobacteria phyla 
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and in particular p. Bacteroidetes have been linked with amino acid metabolism to produce branched-chain 
VFA (BCVFA), such as isovalerate and isobutyrate45. Although it is well-known that the host cannot metabolize 
bacterial protein or BCVFA45, it is interesting to note that in the current study functional pathways enriched 
with microbial activity in caecal digesta of FM diets-fed pigs included histidine metabolism. Moreover, func-
tional pathways enriched with microbial activity in caecal mucosa of FM-fed pigs included arginine, proline, and 
phenylalanine metabolism and those enriched in OH diets-fed pigs included cysteine, methionine and tyrosine 
metabolism. In general, these observations suggest that deposition of the amount or composition of proteins that 
resist digestion in the upper gut is influenced by differences in the physicochemical properties of the DF sources. 
For example, due to its high WHC and SWC measured in this trial and its ability to increase digesta viscosity 
reported by Kiarie et al.14, flaxseed meal could depress protein digestibility thereby increasing the amino acid pool 
available for hindgut degradation. Supporting this postulation is the observation in the present study that lysine 
degradation is another functional pathway that was enriched in caecal mucosa-associated microbiota of pigs that 
consumed FM diets. A recently published study of an extensive metagenomics approach has revealed that lysine 
can also be incorporated into bacterial biosynthetic pathway to produce butyrate46. Conversely, oat hulls are clas-
sified as sources of insoluble DF and they could have depressed ileal amino acid digestibility by increasing digesta 
passage rate thereby increasing amount of amino acids that are available for hindgut microbial activity. The use of 
ileal-cannulated pigs would open way for future studies to test these postulations.

In conclusion, addition of flaxseed meal and oat hulls in corn-soybean meal-based diets alters the histolog-
ical attributes of the small intestines. Flaxseed meal and oat hulls supplementation also induced variable effects 
on microbial communities at both phylum and lower taxonomic levels, depending on intestinal segment and 
physicochemical property of the fibrous ingredients. The intake of either soluble fibre from flaxseed meal or 
insoluble fibre from oat hulls modulates associations between microbiota and metabolites as well as their pre-
dicted metagenomic functions. More work is needed to estimate the fatty acids flows in each gut segment and 
also identify the actual microbial species within each genera in pigs fed diets enriched with either flaxseed meal 
or oat hulls.

Materials and Methods
Ethical considerations. The experimental procedures for this study were approved by the University of 
Manitoba Animal Care (Protocol Number: F13-027) and pigs were cared for in accordance with the guidelines of 
the Canadian Council on Animal Care47.

Animals and Housing. A total of 48 Genesus [(Yorkshire-Landrace♀) × Duroc ♂] barrows with an initial 
mean body weight (BW) of 25 ± 0.32 kg (mean ± SEM) were obtained from University of Manitoba’s Glenlea 
Swine Research Unit (Winnipeg, MB, Canada). The pigs were housed in pairs and randomly allocated to the 
experimental diets for 30 d. Therefore, there were 8 replicate pens in each treatment with 2 pigs per pen. Feed and 
water were provided at all times throughout the experiment. Weekly measurements of feed intake and BW were 
conducted from d 0 to d 28 to determine scaled feed intake (SFI), scaled weight gain (SADG) and feed conversion 
ratio (FCR). The temperature in the experimental room was maintained at 21.2 ± 2.3 (mean ± SD) °C.

Dietary fibre sources and experimental diets. Flaxseed meal, a co-product from the mechanical press-
ing of flaxseed to produce flax oil, was sourced from Shape Foods Inc. (Brandon, MB, Canada). Oat hulls, a 
co-product from the mechanical extraction of groats (edible huskless grains) from oat kernels, were supplied by 
Grain Millers Inc. (Yorkton, SK, Canada). Flaxseed meal and oat hulls were selected based on the differences in 
their DF composition and solubility, protein content, ether extract, water holding capacity (WHC), bulk density 
(BD) and swelling capacity (SWC) (Supplementary Table S1). The assumption behind the selection was that 
during transit in the gut, the two fibrous ingredients would exclusively induce unique fermentation kinetics, 
SCFA-profiles, lipid metabolism as well as differential effects on the composition of lower gut microbiota.

Three iso-energetic diets were formulated to contain similar standardized ileal digestible (SID) contents, and 
meet other nutrient requirements for growing pigs between 25 and 50 kg BW (NRC, 2012). The diets were based 
on corn and soybean meal-containing; 0% flaxseed meal or oat hulls (control, CON), a 12% flaxseed meal (FM), 
and 10% oat hulls (OH) (Supplementary Table S1). The CON was designed to be a basal diet with DF content 
typical of a commercial diet. Titanium dioxide (TiO2) was included in all diets to determine the apparent total 
tract digestibility (ATTD) of fat.

Analyses of experimental diets and sampling of intestinal tissue and digesta. The samples of 
experimental diets were ground through a 2 mm screen and analysed in duplicate for their chemical and physical 
properties (Supplementary Table S2) following procedures described by Ndou et al.8.

On days 29 and 30 of the trial, one pig was randomly selected from each pen and sedated by intramuscu-
lar injection of Ketamine:Xylazine (20:0 mg/kg BW) and subsequently euthanized by intracardiac injection 
of 110 mg/kg BW sodium pentobarbital. After euthanizing, pigs were immediately eviscerated from sternum 
to pubis for collection of intestinal digesta contents, faecal and tissue sub-samples. The whole digestive tract 
was carefully removed and segmented by clapping to partition the following anatomical parts; jejunum, duo-
denum, ileum and caecum. Ileal digesta was collected 20 cm from the ileal-caecal junction. Digesta from each 
segment were collected separately, divided into three sub-samples, transferred into sterile tubes and immediately 
snap-frozen in liquid nitrogen and stored at −80 °C until further analyses. One sub-sample was freeze-dried and 
used for bile acids (BA) and neutral sterols (NS) assays. The other two sub-samples were analysed for volatile fatty 
acids (VFA) concentrations, and DNA extraction and subsequent microbial analyses. The tissue samples were 
aseptically collected from the jejunum, duodenum, ileum and cecum, flushed with sterile ice cold phosphate 
buffered saline solution to remove luminal contents and divided into two sub-samples. The first sub-sampled 
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tissue from the ileum and cecum was immediately transferred into sterile tubes, snap-frozen in liquid nitrogen 
and transferred to −80 °C until used for bacterial genomic DNA extraction and microbial community composi-
tion analyses. Tissues from the jejunum, and duodenum, as well as the second tissue sub-samples from the ileum 
were placed in individual plastic vials and stored in formalin until assessed for histomorphometric characteristics.

Analysis of the bile acids, neutral sterols and volatile fatty acids. Caecal and ileal digesta sam-
ples were thawed on ice and subjected to an acid-base treatment followed by ether extraction and derivatiza-
tion according to procedures described by Erwin et al.48. Thereafter, the digesta samples were analysed for VFA 
concentration using gas chromatography–mass spectrometry (Varian Chromatograph System, model Star 3400; 
Varian Medical Systems, Palo Alto, CA, USA) using a capillary column (30 m × 0.5 mm; Restek Corp., Belefonte, 
PA, USA). Freeze-dried faecal, ileal, and caecal samples were ground through a 2 mm screen in a Wiley Mill. 
Faecal samples were analysed for crude fat according to method described by Ndou et al.8. The BA and NS were 
extracted from the digesta and faecal samples according to procedures described by Batta et al.49.

Genomic DNA extraction and quality check. Frozen ileal and caecal digesta, and tissue samples were 
thawed at room temperature. Approximately 200 mg of digesta contents and ~200 mg of mucosa were sepa-
rately obtained by scrapping the inner wall of each of the ileal and caecal tissue, and used for genomic DNA 
extraction using ZR Faecal and Tissue DNA extraction kits, respectively (ZYMO Research Corp., Orange, CA, 
USA). The kit included a bead-beating step for the mechanical lysis of the microbial cells. The DNA concen-
tration was subsequently quantified using a NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham, 
MA, USA). Thereafter, DNA samples were adjusted to 20 ng/µl, and quality checked by PCR amplification 
of the 16 S rRNA gene using universal primers 27 F (5′-GAAGAGTTTGATCATGGCTCAG-3′) and 342 R 
(5′-CTGCTGCCTCCCGTAG-3′) as described by Khafipour et al.50. The amplicons were verified by agarose gel 
electrophoresis.

Library construction and Illumina sequencing. Library construction and Illumina sequenc-
ing were performed as described by Derakhshani et al.51. In brief, the V4 region of 16 S rRNA was tar-
geted for PCR amplification using modified F515/R806 primers52. The reverse PCR primer was indexed 
with 12-base Golay barcodes allowing for multiplexing of samples. PCR reaction for each sample was per-
formed in duplicate and contained 1.0 µl of pre-normalized DNA, 1.0 µl of each forward and reverse primers 
(10 µM), 12 µl HPLC grade water (Fisher Scientific, Ottawa, ON, Canada) and 10 µl 5 Prime Hot MasterMix 
(5 Prime, Inc., Gaithersburg, MD, USA). Reactions consisted of an initial denaturing step at 94 °C for 3 min 
followed by 35 amplification cycles at 94 °C for 45 sec, 50 °C for 60 sec, and 72 °C for 90 sec; finalized by an 
extension step at 72 °C for 10 min in an Eppendorf Mastercycler pro (Eppendorf, Hamburg, Germany). PCR 
products were then purified using ZR-96 DNA Clean-up Kit (ZYMO Research, Irvine, CA, USA) to remove 
primers, dNTPs and reaction components. The V4 library was then generated by pooling 200 ng of each 
sample, quantified by Picogreen dsDNA (Invitrogen, Burlington, On, Canada). This was followed by multi-
ple dilution steps using pre-chilled hybridization buffer (HT1) (Illumina, San Diego, CA, USA) to bring the 
pooled amplicons to a final concentration of 5 pM, measured by Qubit 2.0 Fluorometer (Life technologies, 
Burlington, ON, Canada). Finally, 15% of PhiX control library was spiked into the amplicon pool to improve 
the unbalanced and biased base composition, a known characteristic of low diversity 16 S rRNA libraries. 
Customized sequencing primers for read1 (5′-TATGGTAATTGTGTGCCAGCMGCCGCGGTAA-3′), read2 
(5′-AGTCAGTCAGCCGGACTACHVGGGTWTCTAAT-3′) and index read (5′-ATTAGAWACCCBDGTA 
GTCCGGCTGACTGACT-3′) were synthesized and purified by polyacrylamide gel electrophoresis (Integrated 
DNA Technologies, Coralville, IA, USA) and added to the MiSeq Reagent Kit V2 (300-cycle) (Illumina, San 
Diego, CA, USA). The 150 paired-end sequencing reaction was performed on a MiSeq platform (Illumina, San 
Diego, CA, USA) at the Gut Microbiome and Large Animal Biosecurity Laboratories, Department of Animal 
Science, University of Manitoba, Canada. The sequencing data were subjected to the Sequence Read Achive (SRA) 
of NCBA (http://www.ncbi.nlm.nih.gov/sra) and can be assessed using access number SRR5226958. Hierarchical 
clustering analysis was performed using R (3.3.1 version)53 to show a visual interpretation heat map of the simi-
larity of bacterial taxa based on treatment. Normalized relative abundance of bacterial taxa (row normalize length 
transformation, PAST, version 2.17) was used to for generating the clustering heat map.

Bioinformatic analyses. Bioinformatic analyses were performed as described by Derakhshani et al.51. In 
brief, the PANDAseq assembler was used to merge overlapping paired-end Illumina fastq files54. All the sequences 
with low quality base calling scores as well as those containing uncalled bases (N) in the overlapping region were 
discarded. The output fastq file was then analysed by downstream computational pipelines of the open source 
software package QIIME55. Assembled reads were demultiplexed according to the barcode sequences, chimeric 
reads were filtered using UCHIME56 and sequences were assigned to Operational Taxonomic Units (OTU) using 
the QIIME implementation of UCLUST57 at 97% pairwise identity threshold. Taxonomies were assigned to the 
representative sequence of each OTU using RDP classifier58 and aligned with the Greengenes Core reference data-
base59 using PyNAST algorithms60. Phylogenetic tree was built with FastTree 2.1.3. Further comparisons between 
microbial communities were performed according to Price et al.61.

Within community diversity (α-diversity) was computed using QIIME. Alpha rarefaction curve was gen-
erated using Chao 1 estimator of species richness62 with ten sampling repetitions at each sampling depth. An 
even depth of approximately 15,700 sequences per sample was used for calculation of richness and diversity 
indices. For comparison of microbial community composition between samples, the β-diversity was measured 
by calculating the weighted and unweighted UniFrac and Bray-Curtis distances using QIIME default scripts63. 
β-diversity among treatments were visualized using non-metric multidimensional scaling (nMDS) ordination 
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plots that were generated using R software (3.1.0) by employing Bray-Curtis similarity matrices with a conven-
tional cut-off of <0.2 for the stress value. Each data point on the graph represents one sample. The spatial distance 
between points in the plot was interpreted as the relative difference in the bacterial community composition; thus, 
points that were closer were more similar than points that were more distant. To assess the statistical differences 
in β-diversity of bacterial communities among treatment groups, permutational multivariate analysis of variance 
(PERMANOVA) was performed to calculate P-values64.

Finally, the open source software PICRUSt (phylogenetic investigation of communities by reconstruction of 
unobserved states)65 was used to predict functional genes of the classified members of the ileal and caecal digesta 
and mucosa-associated microbiota (resulting from reference based OTU picking against Greengenes database). 
Predicted genes were then hierarchically clustered and categorized using the Kyoto Encyclopedia of Genes and 
Genomes (KEGG)66 orthologs (KOs) and pathways (levels 1–3).

Calculations and statistical analyses. To account for differences in mean pig weight between treat-
ments67, the average daily feed intake and average weight gain were scaled to live-weight to give SFI and SADG, 
respectively68,69. The SFI was calculated as g of feed per kg BW per day. The SADG was calculated as g of weight 
gained per kg body weight per day. The coefficient of apparent total tract digestibility (CATTD) of fat was calcu-
lated relative to TiO2 concentration, as described by Ndou et al.70.

All other statistical analyses were performed using SAS version 9.4 (SAS, Institute, Inc., Cary, NC, 2009). 
The UNIVARIATE procedure was used to test for outliers and homogeneity of variances among treatments. 
Normally distributed data were analysed using a MIXED model. Non-normally distributed data were analysed 
using GLIMMIX procedure using the negative binomial or Poison distributions. The goodness of fit for each 
distribution was determined using Pearson chi-square/DF ratio with values closer to 1 considered better. The 
models accounted for the effects of diet on growth performance, intake of dietary components, histomorphomet-
ric characteristics, ATTD of fat, blood lipids, VFA, BA, NS and α-diversity indices of bacterial communities and 
communities composition. Pen was considered as the experimental unit. Comparisons of means were performed 
using the Tukey-Kramer honest significant difference test. Significant differences among means were declared at 
P < 0.05, and trends declared for P values between 0.05 and 0.10. All the phyla were divided into two groups of 
abundant, above 1% of the community, and low-abundance, below 1% of the community.

Statistical analyses on the proportion of functional genes and pathways was performed using Linear discrimi-
nant analysis (LDA) effect size (LEfSe)71, a software principally developed to discover metagenomics biomark-
ers. Analyses included the non-parametric factorial Kruskal-Wallis (KW) sum rank test72, followed by LDA to 
estimate the effect size of each differentially abundant feature. The threshold on the logarithmic LDA score for 
discriminative features was set at 2.0, so that features with at least 100-fold shift were considered significant.

Associations between bacterial taxa with an abundance above ≥0.05% of the community and SCFA (acetate, 
propionate, butyrate), BA (cholic acid; chenodeoxycholic acid; deoxycholic acid; isodeoxycholic acid; lithocholic 
acid and ursodeoxycholic acid), blood lipids (total cholesterol and triglycerides) and fat digestibility were assessed 
using non-parametric Spearman’s rank correlation (JMP, Version 10; SAS Institute Inc., Cary, NC, USA). For each 
correlation, correlation coefficient (Spearman’s Rho) and P value were obtained. The correlation coefficient values 
ranged from −1 to +1 with the upper limit values indicating the strength of the relationship, while positive and 
negative symbols indicating the direction of association.
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