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Interaction between dietary protein content and the source of carbohydrates along the gastrointestinal tract of weaned piglets
Although fermentable carbohydrates (CHO) can reduce metabolites derived from dietary protein fermentation in the intestine of pigs, the interaction between site of fermentation and substrate availability along the gut is still unclear. The current study aimed at determining the impact of two different sources of carbohydrates in diets with low or very high protein content on microbial metabolite profiles along the gastrointestinal tract of piglets. Thirty-six piglets (n=6 per group) were fed diets high (26%, HP) or low (18%, LP) in dietary protein and with or without two different sources of carbohydrates (12% sugar beet pulp, SBP, or 8% lignocellulose, LNC) in a 2 x 3 factorial design. After 3 weeks, contents from stomach, jejunum, ileum, cecum, proximal and distal colon were taken and analysed for major bacterial metabolites (D/L-lactate, short chain fatty acids, ammonia, amines, phenols and indols). Results indicate considerable fermentation of CHO and protein already in the stomach. HP diets increased the formation of ammonia, amines, phenolic and indolic compounds throughout the different parts of the intestine with most pronounced effects in the distal colon. Dietary SBP inclusion in LP diets favoured the formation of cadaverine in the proximal parts of the intestine. SBP mainly increased CHO derived metabolites such as SCFA and lactate and decreased protein-derived metabolites in the large intestine. Based on metabolite profiles, LNC was partly fermented in the distal large intestine and reduced mainly phenols, indols and cadaverine, but not ammonia. Multivariate analysis confirmed more diet-specific metabolite patterns in the stomach, whereas the CHO addition was the main determinant in the cecum and proximal colon. The protein level mainly influenced the metabolite patterns in the distal colon. The results confirm the importance of CHO source to influence the formation of metabolites derived from protein fermentation along the intestinal tract of the pig. 
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1. Introduction
The porcine gastrointestinal tract (GIT) harbours a highly diverse and dynamic microbial ecosystem, that plays an important role in maintenance of intestinal health, contributes to nutrient utilization and modulation of the immune system (Willing and Van Kessel 2010). Dietary manipulation of the intestinal microbiota in pigs has received increasing attention by researchers and the feed industry during the past decades (Heo et al. 2013). Nutrient composition in the basal diet, feed additives as well as endogenous secretions can serve as substrate for the indigenous microbiota and thus may alter their composition and activity with implications for the host. For example, the fermentation of undigested dietary protein and proteins of endogenous origin entering the large intestine yields putatively toxic metabolites such as ammonia, biogenic amines, hydrogen sulphide, indols and phenolic compounds (Blaut and Clavel 2007; Rist et al. 2013). Some of these products can impair epithelial integrity and promote inflammatory reactions (Hamer et al. 2012; Windey et al. 2012). Thus, it is not surprising that, for example, high amounts of dietary protein or low quality proteins have been associated with increased risk for enteric diseases caused by enteropathogens in piglets (reviewed by Rist et al. 2013). The inclusion of specific carbohydrates (CHO), that are non-digestible by host enzymes but fermentable by the GIT bacteria, into swine diets has been shown as a promising approach to reduce the concentration of protein-derived fermentation end products in the large intestine (Bikker et al. 2006; Heo et al. 2012; de Lange et al. 2010; Pieper et al. 2012a; Rist et al. 2013). On the other hand, microbial colonisation is not only restricted to the large intestine and a highly diverse and abundant microbial community can be found already in the stomach, jejunum and ileum of pigs (Castillo et al. 2007; Pieper et al. 2008; Vahjen et al. 2010; Zentek et al. 2013). As a result, considerable bacterial fermentation can already occur in the stomach of pigs with the formation of CHO- and protein-derived metabolites, such as lactic acid, short chain fatty acids and ammonia (Clemens et al. 1975; Regina et al. 1999; Nyachoti et al. 2006; Mair et al. 2010; Zentek et al. 2013). Thus, whereas interactions of protein and carbohydrate fermentation patterns have been intensively studied in the pig large intestine, there is limited information available about such interactions along the entire GIT in swine. Bacterial substrate utilisation depends on the chemical composition, physical form, solubility and amount of the available substrates in the different sites of the GIT. Thus, dietary inclusion of either soluble (e.g. pectin-rich) or hardly soluble (e.g. cellulose-rich) substrates may determine to which extend and where in the porcine GIT they may be mainly utilised to contribute to a reduction of protein-derived metabolites. 
The current study aimed at studying the influence of dietary protein level and the source of carbohydrates on the formation of microbial metabolites along the GIT of weaned piglets as a basis for future diet formulations facilitating reduced formation of protein derived metabolites with subsequent implications for host health. 

2. Material and Methods
	The study followed the institutional and national guidelines for the care and use of animals, and the study was approved by the State Office of Health and Social Affairs ‘Landesamt für Gesundheit und Soziales Berlin’ (LaGeSo Reg. #0389/12).
[bookmark: _GoBack]
2.1 Animals and housing
A total of 36 piglets (Euroc x Piétrain) with a mean body weight of 7.4 ± 1.0 kg was weaned at 25 d of age and placed in commercial flat deck pens (n = 2 piglets/pen) balancing for gender and body weight (BW). Pens were assigned to one of six treatment groups in a 2 x 3 design. Water and feed were provided ad libitum. Room temperature was maintained at 26 ˚C on the day of weaning and reduced at regular intervals to achieve 22 ˚C during the first week post weaning. The lighting program was maintained at 14 h light, 10 h dark with lights switched on at 05:00 h. Feed intake and BW of pigs were recorded weekly. Health status including behaviour, appearance and faecal consistency was checked daily. 

2.2 Diets
Six diets were formulated to provide a high (HP) or low (LP) level of dietary protein in combination with a high or low level of two different sources of fermentable CHO as shown in Table 1. 

Place Table 1 approximately here

Piglets were fed the respective diets for 3 weeks before euthanasia and subsequent sampling of digesta and tissues. Diets were formulated to meet or exceed nutrient requirements of the weaning pig (GfE 2006). The source of excess protein in HP diets was a combination of soybean meal, fishmeal and potato protein. Non-digestible but fermentable carbohydrates were supplied as sugar beet pulp (SBP) or a mixture of lignin and cellulose (lignocellulose, LNC, Arbocel, containing approximately 70% cellulose from birch wood) to replace corn and wheat. Thus, the term “low CHO” was used for the two diets containing low levels of non-digestible but fermentable CHO although they contained higher amounts of starch than diets containing SBP or LNC. Supplemental lysine and tryptophane were added to the LP diets to balance for similar essential amino acid contents according to requirements among the diets. 

2.3 Sampling 
Piglets were euthanized on day 21 ± 1 after the weaning by intracardial injection of 10 mg/kg BW of tetracaine hydrochloride, mebezonium iodide and embutramide (T61®, Intervet, Unterschleißheim, Germany) after sedation with 20 mg/kg BW of ketamine hydrochloride (Ursotamin®, Serumwerk Bernburg AG, Germany) and 2 mg/kg BW of azaperone (Stresnil®, Jansen-Cilag, Neuss, Germany). Following euthanasia, the entire intestinal tract was removed from the peritoneum; intestinal segments were clamped to avoid digesta mixing and digest contents from stomach, ileum, caecum, colon ascendens, colon descendens, and rectum were taken and immediately stored at -80°C until further analysis. 

2.4 Chemical analyses
Weende proximate nutrients (ash, crude fibre, crude protein, ether extract) and starch were determined using standard procedures (Naumann and Bassler 2004). Total dietary fibre was analysed using a commercial kit (Megazyme K-TDF, Megazyme, Bray, Ireland). Trace mineral content in feedstuff was determined by atomic absorption spectrometry in an AAS vario 6 spectrometer (Analytik Jena, Jena, Germany) after hydrolysis of samples in concentrated hydrochloric acid. 
For determination of D- and L-lactate, ileal samples were treated with 0.5 M CuSO4 prior to analysis by high performance liquid chromatography on an Agilent 1100 chromatograph equipped with a Phenomenex C18 (4.0 x 2.0 mm) guard column followed by a Phenomenex Chirex 3126 (D)-penicillamine column (150 x 4.6 mm) and a UV detector at 253 nm. The carrier was CuSO4 in a gradient from 0.5 to 2.5 mmol/L with a flow rate of 1.0 ml/min at 35 °C and the injection volume was 20 µl.
Ammonia was analysed colorimetrically using the Berthelot-Reaction as described previously (Pieper et al. 2012a). Briefly, 20 µl of a sample was chlorinated with 100 µl of 0.2 % alkaline hypochloride (Sigma Aldrich, Deisenhofen, Germany) to convert NH3 to chloramine (NH2Cl) following reaction with thymol to N-chlor-2-isopropyl-5-methyl chinon-monoimin and further to indophenol using 100 µl of 5 % phenol nitroprusside (Sigma Aldrich, Deisenhofen, Germany). Samples were incubated in microtitration plates for 100 min and extinction was measured at 620 nm in a Tecan Sunrise microplate reader (Tecan Austria GmbH, Grödig, Austria).
Biogenic amines (putrescine, cadaverine, tyramine, histamine, spermidine and spermine) were analysed as described previously (Pieper et al. 2012b) with ion-exchange chromatography on a Biochrom 30 Amino Acid Analyzer (Biochrom Ltd., Cambridge, UK). Briefly, samples (0.5 g) were treated with trichloro acetic acid (10 %), homogenized and filtered through 0.2 µm membranes. Samples (25 µL injection volume) were separated on a 10 cm polyamine ion-exchange column (Laborservice Onken GmbH, Gründau, Germany). Sodium citrate buffer (pH 7.2) was used as eluent and the amines were quantified after post-column ninhydrin derivatisation by photometric detection at 570 nm.
Short chain fatty acids (SCFA), phenols and indols were determined by gas chromatography on an Agilent 6890 gas chromatography system with flame ionization detector and autosampler (Agilent Technologies, Böblingen, Germany). For SCFA analysis, digesta samples were acidified with oxalic acid, centrifuged for 3 min at 14,000 g followed by addition of the internal standard (caproic acid). Individual SCFA were separated on a polyethylene glycol column (30 m by 530 µm by 1.00 µm; HP-INNOWax). Hydrogen was used as carrier gas and the injection volume was 1 µl. The flow rates of hydrogen and air were 20 and 400 ml/min, respectively. The initial oven temperature was 70 °C, followed by an increase at a rate of 15 °C/min and then a final temperature of 190 °C for 4 min. 
Phenols and indols (i.e. phenol, 4-methylphenol (p-cresol), 4-ethylphenol, indole, 2-methylindole, 3-methylindole (skatole), 7-methylindole, 2,3-dimethylindole) were double extracted from the samples with methanol after addition of 5-methyindole as internal standard followed by centrifugation at 29,000 x g for 20 min. Phenols and indols were separated on a high polarity 88% cyanopropyl 12% arylpolysiloxane column (60 m x 250 µm, film thickness0.2 µm, HP-88). Hydrogen was used as carrier gas and the flow rates of hydrogen and air was 40 and 400 ml/min, respectively. The initial oven temperature was 130 °C and the final temperature was 220 °C for 2 min.

2.5 Statistical analysis	
Principle component analysis (PCA) was performed using the programme CANOCO (Ter Braak and Šmilauer 2002) for each part of the GIT using square root transformed values for metabolite patterns to illustrate the association of patterns with the experimental diets along the pig GIT. Data were then analysed using generalised linear model procedures in SPSS (version 19.0, Chicago, IL, USA) with dietary protein level (HP or LP), SBP and LNC as main factors. Additionally, Pearson correlation analysis was performed. Differences at p < 0.05 were considered significant. 

3. Results
3.1 Performance
	After the first experimental week, piglets receiving the LNC diets showed significantly reduced body weight (7.2 ± 1.5 and 7.0 ± 1.3 kg for both LNC groups, respectively) as compared to their initial weight and the other feeding groups (8.6 ± 2.1, 8.3 ± 1.9, 8.6 ± 1.5 and 7.4 ± 1.3 kg for LP/low CHO, LP/SBP, HP/low CHO and HP/SBP groups, respectively). This was mainly due to the fact that piglets had lower feed intake and thus, body weight gain (data not shown). Piglets adapted to LNC diets after approximately 10 days but still showed numerically lower feed intake and did not catch up in body weight (p < 0.05) as compared to the other experimental groups until the end of the experimental period. Mean body weight after 21 days was 12.9 ± 2.2, 12.8 ± 2.4 and 11.3 ± 1.9 kg for groups fed LP and low CHO, SBP or LNC, respectively; and 14.2 ± 1.8, 12.8 ± 2.1, and 11.1 ± 1.2 for groups fed HP and low CHO, SBP or LNC, respectively. 

3.2 Correlation analysis
	The PCA plots to illustrate the interaction between metabolites in the different sites of the intestine are given in Figure 1A-E. In the stomach (Figure 1A), metabolite profiles of piglets fed diets containing LP/low CHO levels formed a separate cluster (open circles) as compared to diets containing LP and SBP (grey circles) or LNC (black circles), and diets with HP (triangles). Interestingly, most profiles from piglets fed HP/low CHO diets (open triangles) formed a separate cluster, whereas this was not as clear for HP diets with SBP or LNC. 
	No obvious clustering of metabolite profiles was observed in the ileum (Figure 1B), although mainly the profiles from piglets fed HP diets with LNC (black triangles) were more distinct from the other profiles. 
	In the cecum (Figure 1C), three main clusters could be observed. One cluster was formed by metabolite profiles of piglets fed HP/ low CHO diets (open triangles), whereas a grouping of most profiles from pigs fed high SBP (grey circles and triangles) or LNC (black circles and triangles) could be observed irrespective of dietary protein content.
	The picture of carbohydrate-dependent clustering of metabolite profiles became more obvious in the proximal colon (Figure 1D). Three main clusters based on low CHO (open circles and triangles), SBP (grey circles and triangles) or LNC (black circles and triangles) supply could be observed in this site of the GIT. 
	In the large intestine (Figure 1E), only one distinct cluster based on HP diets (open, grey and black triangles) could be observed, whereas the other profiles showed no clear or distinct clustering patterns.

3.3 Intestinal metabolite patterns along the GIT
	In the stomach, pH was not affected by dietary treatment (Table 2). Total SCFA, acetate, and D-lactate were significantly increased with SBP and L-lactate with LNC, without an effect of dietary protein level. Total SCFA, acetate, propionate and butyrate were increased with SBP (p < 0.05) as compared with the other diets. Both CHO sources (SBP and LNC) increased propionate and butyrate molar ratio at the expense of acetate (p < 0.05). Ammonia was significantly elevated by HP as compared to LP diets (p < 0.05), but not affected by CHO level and source. Significantly higher concentration of total amines was determined with diets containing high levels of SBP as compared with the other diets. Cadaverine was significantly higher with LP diets, and highest cadaverine levels were determined in diets containing SBP in both LP and HP diets, respectively. A tendency towards higher histamine levels was determined with LP diets, and towards increased values with high LNC diets. Similarly,a higher level of phenol (p < 0.05) as well as a tendency towards reduced concentration of p-cresol was determined with LP as compared to HP diets. Other phenolic compounds or indols were not detectable in stomach digesta. 
	
Place Table 2 approximately here.

	In the ileum, pH, D-, L-lactate, acetate, butyrate and total SCFA were not altered by dietary treatment (Table 3). Propionate was only detected occasionally. However, HP diets and HP diets with LNC reduced (p < 0.05) acetate molar ratio and increased (p < 0.05) propionate (HP and LNC) and butyrate (HP). HP diets increased (p < 0.05) ammonia in ileal digesta compared to LP diets. HP also increased (p < 0.05) total amine and putrescine concentration and reduced phenol in the ileum. No influence of SBP was determined on ileal metabolites. 

Place Table 3 approximately here.

	Caecal pH and lactate levels were unaffected by dietary treatment (Table 4). Total SCFA levels were increased by HP diets and reduced by LNC diets, whereas BCFA were reduced by SBP (p < 0.05). Total concentration of acetate was increased by both HP and SBP, and reduced by LNC diets (p < 0.05). In contrast, propionate was reduced (p < 0.05) by SBP and LNC. Acetate molar ratio was increased (p < 0.05) and tended to increase (p < 0.10) with SBP and LNC, respectively. Propionate and butyrate molar ratios were increased (p < 0.05) by dietary HP level, whereas propionate level was reduced (p < 0.05) with SBP. Ammonia levels were higher with HP (p < 0.05) and reduced by SBP diets (p < 0.05). Similarly, dietary SBP inclusion reduced (P<0.05) total amine and histamine concentration, whereas HP diets led to increased histamine in caecal digesta. Spermidine concentration was reduced with LNC diets and a tendency towards reduced levels of spermine and spermidine was also observed for SBP diets (p < 0.10). Dietary SBP inclusion decreased (p < 0.05) p-cresol and indole levels, whereas HP diets increased (p < 0.05) 4-ethylphenol and tended to increase indol. 

Place Table 4 approximately here.

In the proximal colon, both HP and SBP tended (p < 0.10) to increase total SCFA levels (Table 5). D-/L-lactate and pH were not affected. Total acetate and acetate molar ratio was increased and propionate molar ratio decreased (p < 0.05) with SBP diets. Dietary LNC decreased (p < 0.05) propionate concentration and a tendency towards decreased propionate was determined with SBP diets. Butyrate also tended to be higher (p < 0.10) with HP diets. The HP diets also increased (p < 0.05) ammonia concentration whereas SBP significantly decreased ammonia levels. The sum of all measured amines was increased with HP, whereas both SBP and LNC led to decreased levels (p < 0.05). This was mainly due to changes in cadaverine concentrations, whereas the other amines were not significantly altered by diet. Both SBP and LNC inclusion decreased (p < 0.05) p-cresol concentrations and SBP tended to decrease (p < 0.10) indole concentration. The level of 3-methylindole (skatole) was significantly decreased with LNC. 

Place Table 5 approximately here.

The pH values of pigs fed HP diets were significantly lower in the distal colon (Table 6). SBP inclusion increased both D- and L-lactate and total SCFA levels (p < 0.05), whereas protein level and LNC had no effect. Total acetate and acetate molar ratio were also increased and propionate molar ratio decreased with SBP diets, whereas acetate molar ratio was decreased with HP diets (p < 0.05). A tendency towards increased cadaverine levels was observed with HP diets as compared to LP diets, and this was reversed by SBP (p < 0.10) and LNC (p < 0.05). None of the other measured amines were significantly changed by dietary treatment. Phenol, p-cresol and 3-methyindole (skatole) were increased (p < 0.05) with HP diets. SBP diets tended (p < 0.10) to decrease p-cresol and indole concentration, whereas LNC decreased phenol (p < 0.10), 4-ethylphenol (p < 0.05) and 3-methylindole levels (p < 0.05). 

Place Table 6 approximately here.

4. Discussion
Dietary protein level and the targeted use of dietary fibre in diets for piglets have been discussed intensively and controversially during the past decade (e.g. Bindelle et al. 2008; Metzler and Mosenthin 2008; Bach Knudsen et al. 2012; Heo et al. 2013; Rist et al. 2013; Molist et al. 2014). The focus of most previous studies has directed towards the large intestine. In the current study, a 2 x 3 factorial design was used to study the formation of bacterial metabolites along the entire GIT of pigs fed two different protein levels and with or without addition of two different sources of soluble (SBP) or insoluble (LNC) carbohydrates. 
 
4.1 Influence of dietary protein level and dietary fibre on piglet performance
It is well established that increased inclusion of dietary fibre reduces the energy concentration of the diet, may decrease digestibility of other nutrients, reduce palatability, increase digesta viscosity, and transit through the GIT (Molist et al. 2014). In the current experiment, the inclusion of LNC into the diet significantly decreased feed intake and thereby growth rates, especially during the first experimental week. Similarly, a tendency towards reduced growth rates was observed for SBP during the second week. This is in good agreement with previous studies where the inclusion of guar gum or cellulose reduced feed intake and daily weight gain in piglets, likely through reduced energy and protein digestibility (Owusu-Asiedu et al. 2006). In the current study, ileal and total tract nutrient digestibility was not determined. Thus, it cannot be clarified whether the effect were due to reduced palatability, nutrient digestibility or other factors such as digesta transit and satiety. 

4.2 Impact of dietary protein level on intestinal metabolite profiles
Increased dietary protein supply or poorly digestible proteins are supposed to increase the formation of putatively toxic compounds in the large intestine such as ammonia, biogenic amines, hydrogen sulphide, phenols and indols (Blaut and Clavel 2007; Windey et al. 2012; Rist et al. 2013). The current study shows that the bacterial degradation of proteins starts already in the stomach as indicated by an increased formation of ammonia and, to a lesser extent, amines and, phenol and p-cresol. Reasons for higher level of cadaverine with LP diets are not entirely clear but might be related to free lysine in these diets as discussed below. Generally, the concentration of protein-derived metabolites was low in the proximal GIT and most significant differences were determined in the distal parts. Supporting this, the multivariate analysis of fermentation patterns in the different gut compartments shows that the carbohydrate source was the main factor in the proximal colon and that protein level determined metabolite patterns in the distal colon. This supports the idea that bacteria would utilize fermentable carbohydrates over protein as primary energy source (Miller and Varel 2002). The higher formation of protein-derived metabolites with HP diets in the distal GIT might affect host health as metabolites such as ammonia, amines (e.g. histamine) and phenols may are toxic for intestinal enterocytes and can thereby impair barrier function and allow translocation of pathogenic bacteria (Windey et al. 2012; Rist et al. 2013). For example, in a previous study using low protein and heat-damaged protein levels, it was shown that expression of pro- and anti-inflammatory cytokines and oxidative stress response was increased in the proximal colon with higher dietary and heat-damaged protein (Pieper et al., 2012a). This finding was further supported by an increased epithelial catabolism of histamine and reduced secretory response to histamine with these diets (Kröger et al., 2013). On the other hand, only marginal changes related to barrier function were determined, likely due to a compensatory regulation of tight junction protein expression (Richter et al., 2013). In the current study, also higher levels of n-butyrate were determined with HP diets. Butyrate is considered beneficial in the GIT as it is utilised as energy source by the enterocytes, influences cell turnover and reduces pro-inflammatory cytokine expression (Blaut and Clavel 2007; Willing and Van Kessel 2010). Whether this would have beneficial effects for the animal or may counteract possible negative effect from increased ammonia, or biogenic amine concentrations is not clear and will be studied in our lab in the future.

4.3 Impact of SBP on intestinal metabolite profiles in HP or LP diets
Sugar beet pulp contains mainly soluble dietary fibre, with uronic acids and arabinose being the most predominant sugar monomers (Bach Knudsen 1997). Besides this pectin rich fraction, SBP also contains considerable amounts of insoluble cellulose (Bach Knudsen 1997). Previous studies showed that up to 37% of the pectin-rich fraction in SBP is already fermented before the ileum, and another 50% disappeared in the large intestine of pigs (Graham et al. 1986). Konstantinov et al. (2004) determined a considerable microbial activity and increase in lactobacilli populations in the pig small intestine when diets containing SBP were fed. In the stomach, SBP increased SCFA production and a shift from acetate towards propionate and butyrate, showing the relevance of bacterial fermentation in this part of the porcine GIT. This was also accompanied by an increase in D-lactate levels. This may be due to the presence of high numbers of lactic acid bacteria in the stomach of pigs (Zentek et al. 2013), but could also reflect increased bacterial fermentation of easily accessible substrates due to longer retention times. It has been shown that specific carbohydrate fractions of SBP can promote the growth of lactobacilli and bifidobacteria (Al-Tamimi et al. 2006). Interestingly, the levels of cadaverine and phenol were higher with LP/SBP as compared to the other diets. Cadaverine concentration was significantly correlated with total SCFA, acetate and propionate (R = 0.76, R = 0.75 and R = 0.79, respectively) indicating that the higher fermentation activity was linked with microbial decarboxylation of lysine in the stomach. It is known that the activation of lysine decarboxylases in bacteria due to acid stress (Kanjee et al. 2011) may be a protective reaction of bacteria against increasing acidification (Morris and Fillingame 1974; Tabor and Tabor 1985). Furthermore, certain lysine decarboxylase positive bacteria can increase cadaverine production under co-cultivation conditions with lactic acid bacteria (Kuley et al. 2012). However, the specific mechanisms behind this observation are yet not clarified in the pig.
Inclusion of SBP into the diets at 12% did not significantly change ileal bacterial metabolite profiles but led to highest levels of SCFA in the distal colon. Bacterial fermentation of pectins in the porcine large intestine yields high amounts of acetate (Drochner 2004; Anguita et al. 2007). This is in line with the current study, where SBP diets promoted a significant shift from propionate towards acetate in the cecum, proximal and distal colon. In contrast to the stomach, dietary inclusion of SBP reduced the concentration of protein-derived metabolites such as ammonia, p-cresol or biogenic amines in the cecum and proximal colon. Increased bacterial utilization of fermentable carbohydrates as energy source in the large intestine can also promote the incorporation of ammonia and free amino acids into bacterial protein to facilitate increased biomass production (Bindelle et al. 2008; 2009). Thus, a reduction of large intestinal levels of protein-derived ammonia may not be simply a result of reduced protein fermentation but could also result from increased bacterial biomass turnover in general. It is also possible that there was an increased ammonium uptake from the gut lumen in the presence of higher amounts of SCFA at low pH (Stumpff et al. 2013).

4.3 Impact of LNC on intestinal metabolite profiles in HP or LP diets
In contrast to soluble and therefore easily fermentable substrates, cellulose displays low solubility and is thus not readily attacked by pig intestinal bacteria (Metzler-Zebeli and Mosenthin 2008). As a consequence, piglets fed the diets containing LNC had lowest levels of SCFA in the cecum and proximal colon. On the other hand, there was a numerically higher fermentation activity in LNC diets as compared to the low CHO diets in the distal colon as indicated by total SCFA and a tendency towards higher acetate concentration. This is in line with reduced values for cadaverine, phenol (as a tendency), 4-ethylphenol and 3-methylindole in this part of the GIT, suggesting that this slowly fermentable carbohydrate source was at least in part used as substrate by bacteria in the distal colon. On the other hand, LNC inclusion did not reduce ammonia levels in the colon. Similarly to the distal colon, LNC also reduced p-cresol and 3-methylindole levels in the proximal colon. The reduction of these metabolites in the large intestine might be of interest as these are typical compounds of pig odour. Fermentable fibre inclusion into pig diets has been proposed to reduce skatole levels (Rideout et al. 2004; Jensen 2006; Hansen et al. 2008). However, the results have not been consistent among different fibre sources. Several hypotheses have been proposed on the reductive mode of action of dietary fibre including increased microbial metabolism and changes in endogenous losses in the small intestine due to altered viscosity and digesta transit time (Jensen 2006). Thus, the data from the current study suggest that SBP reduced some metabolites related to formation of boar taint in the proximal large intestine, whereas this reduction also occurred more in the distal colon with LNC diets. Thus, it might be of future interest to use combined soluble and insoluble fibre source to provide fermentable CHO to the intestinal microbiota along the entire GIT. 

5. Conclusion
	To our knowledge, this is the first comprehensive study demonstrating the complex interactions of different carbohydrate sources with dietary protein level along the GIT of pigs. The data illustrate how two different carbohydrate sources differentially influence the microbial fermentation patterns along the GIT of weaned piglets and the interaction with microbial utilisation (e.g. fermentation) patterns of dietary protein. Whether this may also influence the mucosal response in these parts of the GIT needs to be further elucidated. 
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Table 1. Ingredients and chemical composition of the experimental diets.
	
	LP*
	HP†

	
	Low CHO#
	SBP‡
	LNC¶
	Low CHO
	SBP
	LNC

	Ingredients [g/kg as fed]
	

	Corn
	450
	341
	355
	300
	300
	300

	Wheat
	335
	300
	300
	352
	222
	218

	Soybean meal [49% CP]
	110
	120
	120
	140
	140
	155

	Fish meal
	30
	30
	40
	100
	110
	110

	Potato protein
	30
	30
	30
	75
	75
	75

	Sugar Beet Pulp
	-
	120
	-
	-
	120
	-

	Arbocel®§
	-
	-
	80
	-
	-
	80

	Monocalcium Phosphate
	9
	9
	9
	5
	5
	5

	Limestone
	9
	8
	9
	5
	3
	4

	FU Vitamin/Mineral Premix◊
	12
	12
	12
	12
	12
	12

	Salt
	1
	1
	1
	1
	1
	1

	Soy oil
	5
	20
	35
	5
	7
	35

	Lysine HCl
	3
	3
	3
	-
	-
	-

	Tryptophan
	1
	1
	1
	-
	-
	-

	TiO2
	5
	5
	5
	5
	5
	5

	ME [MJ/kg]
	13.4
	13.2
	13.1
	13.5
	13.3
	13.4

	Analysed composition [g/kg DM]
	
	
	
	

	Ash
	52
	55
	49
	53
	60
	60

	Crude Protein
	183
	179
	189
	256
	255
	262

	Ether extract
	33
	38
	39
	29
	33
	43

	Crude fibre
	24
	51
	68
	25
	62
	76

	Total dietary fibre
	192
	273
	268
	216
	315
	315

	Insoluble dietary fibre
	143
	215
	231
	169
	244
	262

	Soluble dietary fibre
	48
	58
	36
	47
	71
	52

	Starch 
	450
	376
	360
	350
	308
	292

	Calcium 
	8.7
	8.6
	8.3
	8.7
	8.5
	8.5

	Phosphorus 
	5.8
	5.5
	5.4
	6.5
	6.5
	6.8

	Magnesium
	1.8
	2.1
	1.5
	1.7
	2.0
	1.6

	Sodium
	2.0
	2.0
	1.9
	2.1
	2.2
	2.2

	                                   [mg/kg DM]

	Zinc
	103
	98
	85
	85
	93
	92

	Manganese
	97
	99
	93
	90
	95
	92

	Copper 
	15
	12
	12
	11
	11
	15

	Iron
	203
	365
	173
	157
	358
	176

	Calculated composition [g/kg DM]

	Lysine
	12.5
	13.0
	13.0
	17.4
	18.1
	17.9

	Methionine
	3.6
	3.6
	3.6
	5.7
	5.8
	5.7

	Threonine
	7.6
	7.8
	7.6
	11.9
	12.2
	11.9

	Tryptophan
	3.0
	3.1
	3.1
	3.3
	3.3
	3.3


Notes: *LP, low dietary protein; †HP, high dietary protein; #CHO, carbohydrates; ‡SBP, sugar beet pulp; ¶LNC, lignocellulose; §Arbocel® (containing approximately 65% Lignocellulose, J. Rettenmaier & Söhne GmbH & Co. KG, Rosenberg, Germany); ◊Mineral and Vitamin Premix (Spezialfutter Neuruppin GmbH, Neuruppin, Germany), containing per kg dry matter: 130 g Sodium (as sodium chloride), 55 g Magnesium (as magnesium oxide), 210 mg Retinol, 3,000 µg, Vitamin D3, 8,000 mg DL-α-Tocopherol, 300 mg Menadione, 250 mg Thiamine, 250 mg Riboflavine, 400 mg Vitamin B6, 2,000 µg Vitamin B12, 2,500 Nicotinic acid, 100 mg Folic acid, 25,000 µg Biotin, 1,000 mg Pantothenate, 80,000 mg Choline chloride, 5,000 mg Iron (as Iron-(II)-carbonate), 1,000 mg Copper (as Copper-(II)- sulfate), 5,000 mg Zinc (as Zinc oxide), 6,000 mg Manganese (as Manganese-(II)-oxide), 45 mg Iodine (as Calcium-iodate), 35 mg Selenium (as Sodium-selenite).
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Table 2. Microbial metabolites in the stomach of piglets fed diets containing low (LP) or high (HP) dietary protein, with or without sugar beet pulp (SBP) or lignocellulose (LNC) as soluble or insoluble carbohydrate (CHO) sources, respectively. 
	
	Dietary treatment
	
	

	
	LP*
	HP†
	
	p-Value♦

	
	Low CHO#
	SBP‡
	LNC¶
	Low CHO
	SBP
	LNC
	SEM
	Protein
	SBP
	LNC

	pH
	3.75
	4.12
	4.05
	3.59
	3.96
	4.03
	0.34
	0.75
	0.33
	0.33

	D-lactate [mmol/L]
	3.0
	8.7
	8.8
	5.2
	6.7
	10.6
	2.0
	0.58
	< 0.05
	0.07

	L-lactate [mmol/L]
	0.8
	1.1
	3.4
	1.3
	3.7
	1.6
	1.9
	0.44
	0.07
	< 0.05

	SCFA [mmol/L]§
	6.5
	28.6
	12.7
	5.7
	18.3
	14.2
	5.8
	0.50
	< 0.05
	0.26

	BCFA [mmol/L]◊
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	-
	-
	-
	-

	Acetate [mmol/L]
	5.0
	17.7
	8.9
	4.2
	12.3
	8.5
	3.4
	0.43
	< 0.05
	0.28

	Propionate [mmol/L] 
	1.6
	7.8
	3.0
	1.4
	3.4
	4.2
	1.7
	0.38
	< 0.05
	0.26

	Butyrate [mmol/L]
	0.1
	2.4
	0.7
	0.1
	2.2
	1.3
	0.9
	0.84
	< 0.05
	0.36

	Ammonia [mmol/L]
	2.3
	2.4
	2.4
	2.7
	3.1
	3.2
	0.3
	< 0.05
	0.49
	0.38

	Acetate [% of SCFA]
	86.3
	65.9
	76.6
	89.3
	80.9
	68.2
	4.8
	0.48
	< 0.05
	< 0.05

	Propionate [% of SCFA]
	13.1
	25.7
	18.5
	9.0
	13.8
	23.1
	3.9
	0.30
	< 0.05
	< 0.05

	Butyrate [% of SCFA]
	0.5
	6.8
	3.9
	1.8
	4.5
	9.5
	1.9
	0.35
	< 0.05
	< 0.05

	Total amines [µmol/L]
	182
	279
	145
	124
	159
	135
	148
	0.32
	< 0.05
	0.26

	Putrescine [µmol/L]
	32
	55
	23
	78
	78
	68
	49
	0.31
	0.21
	0.44

	Cadaverine [µmol/L]
	127
	198
	137
	37
	63
	17
	96
	< 0.05
	< 0.05
	0.89

	Histamine [µmol/L]
	16
	71
	23
	9
	23
	88
	40
	0.06
	0.24
	0.06

	Spermine [µmol/L]
	16
	14
	13
	13
	16
	13
	2
	0.85
	0.84
	0.37

	Spermidine [µmol/L]
	46
	49
	45
	40
	55
	42
	7
	0.94
	0.26
	0.94

	Phenol [µmol/L]
	66
	42
	76
	31
	33
	11
	15
	< 0.05
	0.49
	0.74

	p-cresol [µmol/L]
	71
	53
	61
	32
	52
	8
	18
	0.10
	0.98
	0.40


Notes: *LP, low dietary protein; †HP, high dietary protein; #CHO, carbohydrates; ‡SBP, sugar beet pulp; ¶LNC, lignocellulose; §SCFA, short chain fatty acids. ◊BCFA, branched chain fatty acids
♦The p-values indicate diet (protein, SBP or LNC) effects. Only effects of the main factors are given	
Table 3. Microbial metabolites in the ileum of piglets fed diets containing low (LP) or high (HP) dietary protein, with or without sugar beet pulp (SBP) or lignocellulose (LNC) as soluble or insoluble carbohydrate (CHO) sources, respectively.
	
	Dietary treatment
	
	

	
	LP*
	HP†
	
	p-value♦

	
	Low CHO#
	SBP‡
	LNC¶
	Low CHO
	SBP
	LNC
	SEM
	Protein
	SBP
	LNC

	pH
	6.47
	6.90
	6.90
	7.08
	6.90
	6.88
	0.17
	0.49
	0.52
	0.56

	D-lactate [mmol/L]
	4.2
	3.7
	1.8
	0.7
	2.8
	3.0
	3.1
	0.45
	0.35
	0.43

	L-lactate [mmol/L]
	3.8
	3.6
	3.5
	1.3
	5.1
	3.7
	2.5
	0.44
	0.14
	0.50

	SCFA [mmol/L]§
	5.4
	2.4
	0.4
	2.1
	5.9
	5.5
	3.5
	0.17
	0.95
	0.73

	BCFA [mmol/L]◊
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	0.1
	-
	-
	-
	-

	Acetate [mmol/L]
	5.2
	2.1
	0.4
	2.0
	4.8
	3.3
	2.8
	0.32
	0.79
	0.31

	Propionate [mmol/L] 
	n.d.
	0.3
	n.d.
	0.0
	1.0
	1.8
	-
	-
	-
	-

	Butyrate [mmol/L]
	0.2
	0.1
	0.1
	0.1
	0.2
	0.5
	0.2
	0.08
	0.74
	0.30

	Ammonia [mmol/L]
	6.0
	6.8
	5.1
	9.5
	7.4
	9.7
	1.0
	< 0.05
	0.56
	0.73

	Acetate [% of SCFA]
	98.7
	96.9
	100.0
	99.1
	96.5
	78.9
	3.1
	< 0.05
	0.53
	< 0.05

	Propionate [% of SCFA]
	0.0
	2.8
	0.0
	0.5
	3.0
	14.0
	2.6
	< 0.05
	0.36
	< 0.05

	Butyrate [% of SCFA]
	1.3
	0.3
	0.0
	0.5
	0.5
	5.8
	1.1
	< 0.05
	0.67
	0.11

	Total amines [µmol/L]
	562
	1152
	364
	1038
	990
	1413
	180
	< 0.05
	0.18
	0.66

	Putrescine [µmol/L]
	126
	252
	89
	234
	250
	484
	71
	< 0.05
	0.37
	0.19

	Cadaverine [µmol/L]
	172
	609
	116
	316
	328
	567
	106
	0.33
	0.06
	0.41

	Histamine [µmol/L]
	n.d.
	24
	n.d
	59
	35
	48
	-
	-
	-
	-

	Spermine [µmol/L]
	64
	62
	3
	7
	22
	21
	13
	0.77
	0.79
	0.57

	Spermidine [µmol/L]
	37
	21
	13
	19
	19
	9
	20
	0.90
	0.19
	< 0.05

	Phenol [µmol/L]
	123
	94
	83
	83
	43
	19
	21
	< 0.05
	0.14
	< 0.05

	p-cresol [µmol/L]
	6
	7
	2
	9
	6
	12
	5
	0.43
	0.88
	0.91


Notes: *LP, low dietary protein; †HP, high dietary protein; #CHO, carbohydrates; ‡SBP, sugar beet pulp; ¶LNC, lignocellulose; §SCFA, short chain fatty acids. ◊BCFA, branched chain fatty acids
♦The p-values indicate diet (protein, SBP or LNC) effects. Only effects of the main factors are given	

Table 4. Microbial metabolites in the caecum of piglets fed diets containing low (LP) or high (HP) dietary protein, with or without sugar beet pulp (SBP) or lignocellulose (LNC) as soluble or insoluble carbohydrate (CHO) sources, respectively.
	
	Dietary treatment
	
	

	
	LP*
	HP†
	
	p-value♦

	
	Low CHO#
	SBP‡
	LNC¶
	Low CHO
	SBP
	LNC
	SEM
	Protein
	SBP
	LNC

	pH
	5.62
	5.60
	5.69
	5.52
	5.58
	5.90
	0.13
	0.64
	0.88
	0.12

	D-lactate [mmol/L]
	4.8
	3.5
	9.7
	1.5
	2.0
	3.7
	3.4
	0.24
	0.91
	0.33

	L-lactate [mmol/L]
	4.8
	3.2
	9.9
	1.4
	1.8
	3.9
	3.3
	0.26
	0.88
	0.31

	SCFA [mmol/L]§
	98.6
	103.8
	72.4
	120.2
	113.8
	93.5
	7.1
	< 0.05
	0.94
	< 0.05

	BCFA [mmol/L]◊
	0.9
	0.0
	0.2
	1.3
	0.0
	0.8
	0.2
	0.12
	< 0.05
	0.09

	Acetate [mmol/L]
	54.0
	61.2
	42.1
	60.7
	73.8
	53.3
	3.9
	< 0.05
	< 0.05
	< 0.05

	Propionate [mmol/L] 
	32.5
	32.7
	20.3
	41.0
	26.0
	26.5
	3.1
	0.61
	< 0.05
	< 0.05

	Butyrate [mmol/L]
	9.5
	8.8
	8.6
	14.6
	13.0
	10.9
	1.5
	< 0.05
	0.50
	0.17

	Ammonia [mmol/L]
	8.4
	5.2
	8.5
	12.7
	7.7
	14.0
	1.1
	< 0.05
	< 0.05
	0.56

	Acetate [% of SCFA]
	55.5
	58.9
	57.3
	50.8
	65.5
	56.7
	1.8
	0.40
	< 0.05
	0.07

	Propionate [% of SCFA]
	32.2
	31.6
	29.9
	34.3
	22.2
	28.3
	2.1
	< 0.05
	< 0.05
	0.18

	Butyrate [% of SCFA]
	9.6
	8.4
	11.1
	11.9
	11.5
	11.9
	1.2
	< 0.05
	0.55
	0.58

	Total amines [µmol/L]
	1314
	618
	811
	1232
	942
	1329
	206
	0.11
	< 0.05
	0.38

	Putrescine [µmol/L]
	382
	168
	221
	293
	293
	338
	72
	0.25
	0.17
	0.47

	Cadaverine [µmol/L]
	604
	232
	270
	468
	341
	548
	138
	0.33
	0.10
	0.41

	Histamine [µmol/L]
	39
	9
	87
	177
	73
	161
	29
	< 0.05
	< 0.05
	0.61

	Spermine [µmol/L]
	41
	27
	31
	29
	22
	26
	5
	0.14
	0.06
	0.23

	Spermidine [µmol/L]
	225
	182
	195
	247
	204
	177
	20
	0.74
	0.06
	< 0.05

	Phenol [µmol/L]
	39
	85
	70
	114
	36
	50
	22
	0.53
	0.51
	0.49

	p-cresol [µmol/L]
	116
	56
	132
	137
	50
	70
	23
	0.28
	< 0.05
	0.31

	4-ethylphenol [µmol/L]
	25
	37
	26
	68
	49
	45
	7
	< 0.05
	0.73
	0.18

	indole [µmol/L]
	41
	3
	58
	173
	41
	120
	39
	0.07
	< 0.05
	0.68

	3-methylindole [µmol/L]
	191
	97
	231
	304
	212
	203
	55
	0.27
	0.14
	0.62


Notes: *LP, low dietary protein; †HP, high dietary protein; #CHO, carbohydrates; ‡SBP, sugar beet pulp; ¶LNC, lignocellulose; §SCFA, short chain fatty acids. ◊BCFA, branched chain fatty acids
♦The p-values indicate diet (protein, SBP or LNC) effects. Only effects of the main factors are given	

Table 5. Microbial metabolites in the proximal colon of piglets fed diets containing low (LP) or high (HP) dietary protein, with or without sugar beet pulp (SBP) or lignocellulose (LNC) as soluble or insoluble carbohydrate (CHO) sources, respectively.
	
	Dietary treatment
	
	

	
	LP*
	HP†
	
	p-value♦

	
	Low CHO#
	SBP‡
	LNC¶
	Low CHO
	SBP
	LNC
	SEM
	Protein
	SBP
	LNC

	pH
	5.70
	5.63
	5.71
	5.73
	5.55
	6.01
	0.11
	0.37
	0.30
	0.25

	D-lactate [mmol/L]
	4.5
	5.9
	9.6
	3.9
	2.9
	4.6
	2.8
	0.18
	0.95
	0.32

	L-lactate [mmol/L]
	6.7
	9.2
	10.9
	4.5
	4.3
	5.6
	2.6
	0.10
	0.71
	0.40

	SCFA [mmol/L]§
	94.0
	101.2
	83.5
	99.7
	115.3
	90.6
	5.6
	0.08
	0.07
	0.12

	BCFA [mmol/L]◊
	1.3
	0.4
	0.8
	1.6
	0.5
	0.9
	0.3
	0.72
	< 0.05
	0.07

	Acetate [mmol/L]
	53.0
	61.9
	49.4
	50.1
	74.6
	53.3
	4.7
	0.18
	< 0.05
	0.98

	Propionate [mmol/L] 
	27.9
	28.1
	22.1
	34.2
	24.9
	24.2
	2.2
	0.69
	0.07
	< 0.05

	Butyrate [mmol/L]
	9.8
	9.1
	9.3
	11.3
	14.1
	9.6
	1.6
	0.06
	0.49
	0.48

	Ammonia [mmol/L]
	10.9
	7.5
	9.8
	15.9
	11.5
	14.6
	1.4
	< 0.05
	< 0.05
	0.44

	Acetate [% of SCFA]
	56.5
	61.3
	58.8
	55.3
	64.5
	58.6
	1.8
	0.55
	< 0.05
	0.18

	Propionate [% of SCFA]
	29.4
	27.5
	27.3
	31.0
	22.0
	27.0
	1.9
	0.28
	< 0.05
	0.17

	Butyrate [% of SCFA]
	10.5
	9.1
	10.8
	10.3
	11.9
	10.5
	1.1
	0.34
	0.92
	0.83

	Total amines [µmol/L]
	1571
	957
	1206
	2171
	1852
	1543
	203
	< 0.05
	< 0.05
	< 0.05

	Putrescine [µmol/L]
	285
	250
	319
	338
	588
	347
	59
	0.69
	0.55
	0.95

	Cadaverine [µmol/L]
	864
	247
	394
	1177
	587
	502
	166
	0.07
	0.07
	< 0.05

	Histamine [µmol/L]
	n.d.
	18
	97
	125
	147
	114
	39
	-
	-
	-

	Spermine [µmol/L]
	36
	35
	40
	29
	49
	44
	9
	0.70
	0.85
	0.71

	Spermidine [µmol/L]
	386
	447
	422
	479
	444
	497
	44
	0.54
	0.66
	0.94

	Phenol [µmol/L]
	42
	71
	51
	83
	78
	65
	20
	0.37
	0.60
	0.83

	p-cresol [µmol/L]
	305
	72
	163
	339
	113
	169
	26
	0.45
	< 0.05
	< 0.05

	4-ethylphenol [µmol/L]
	28
	28
	88
	50
	71
	22
	25
	0.84
	0.71
	0.57

	indole [µmol/L]
	75
	6
	63
	96
	58
	98
	26
	0.12
	0.07
	0.87

	3-methylindole [µmol/L]
	245
	387
	180
	548
	243
	189
	79
	0.93
	0.36
	< 0.05


Notes: *LP, low dietary protein; †HP, high dietary protein; #CHO, carbohydrates; ‡SBP, sugar beet pulp; ¶LNC, lignocellulose; §SCFA, short chain fatty acids. ◊BCFA, branched chain fatty acids
♦The p-values indicate diet (protein, SBP or LNC) effects. Only effects of the main factors are given	

Table 6. Microbial metabolites in the distal colon of piglets fed diets containing low (LP) or high (HP) dietary protein, with or without sugar beet pulp (SBP) or lignocellulose (LNC) as soluble or insoluble carbohydrate (CHO) sources, respectively.
	
	Dietary treatment
	
	

	
	LP*
	HP†
	
	p-value♦

	
	Low CHO#
	SBP‡
	LNC¶
	Low CHO
	SBP
	LNC
	SEM
	Protein
	SBP
	LNC

	pH
	6.72
	6.57
	6.59
	6.36
	6.42
	6.41
	0.09
	0.54
	< 0.05
	0.92

	D-lactate [mmol/L]
	0.9
	2.8
	0.9
	0.5
	1.2
	2.3
	0.7
	0.73
	< 0.05
	0.12

	L-lactate [mmol/L]
	1.0
	3.5
	0.9
	0.5
	1.6
	2.7
	0.5
	0.78
	< 0.05
	0.15

	SCFA [mmol/L]§
	58.5
	80.8
	71.8
	70.7
	84.8
	77.7
	6.6
	0.30
	< 0.05
	0.17

	BCFA [mmol/L]◊
	3.8
	3.1
	4.5
	5.2
	4.1
	5.1
	0.5
	0.13
	0.21
	0.67

	Acetate [mmol/L]
	32.6
	50.9
	40.8
	35.1
	52.9
	41.8
	3.5
	0.60
	< 0.05
	0.06

	Propionate [mmol/L] 
	14.4
	16.7
	15.2
	17.3
	14.3
	18.7
	1.9
	0.53
	0.88
	0.58

	Butyrate [mmol/L]
	6.4
	8.8
	9.5
	11.0
	11.8
	10.0
	1.0
	0.08
	0.28
	0.48

	Ammonia [mmol/L]
	10.4
	13.1
	12.3
	10.7
	12.1
	16.0
	1.7
	0.50
	0.27
	0.07

	Acetate [% of SCFA]
	55.5
	63.3
	56.7
	50.5
	62.4
	54.1
	1.1
	< 0.05
	< 0.05
	0.06

	Propionate [% of SCFA]
	24.5
	20.3
	21.2
	24.4
	16.9
	24.0
	1.2
	0.78
	< 0.05
	0.14

	Butyrate [% of SCFA]
	11.2
	10.8
	13.3
	14.5
	13.6
	12.8
	1.3
	0.13
	0.61
	0.87

	Total amines [µmol/L]
	862
	991
	980
	1912
	1109
	1105
	244
	0.19
	0.22
	0.21

	Putrescine [µmol/L]
	202
	283
	202
	232
	199
	236
	37
	0.69
	0.55
	0.95

	Cadaverine [µmol/L]
	58
	103
	72
	1078
	322
	111
	174
	0.07
	0.07
	<0.05

	Histamine [µmol/L]
	n.d.
	25
	147
	94
	n.d.
	146
	-
	-
	-
	-

	Spermine [µmol/L]
	52
	50
	29
	30
	36
	46
	8
	0.70
	0.85
	0.71

	Spermidine [µmol/L]
	551
	530
	504
	423
	513
	482
	71
	0.54
	0.66
	0.94

	Phenol [µmol/L]
	132
	72
	74
	219
	161
	149
	34
	< 0.05
	0.12
	0.09

	p-cresol [µmol/L]
	437
	365
	725
	1031
	482
	1068
	154
	< 0.05
	0.08
	0.34

	4-ethylphenol [µmol/L]
	92
	69
	35
	127
	125
	36
	29
	0.27
	0.69
	< 0.05

	indole [µmol/L]
	91
	70
	195
	196
	82
	123
	31
	0.91
	0.06
	0.64

	3-methylindole [µmol/L]
	297
	239
	288
	743
	496
	280
	75
	< 0.05
	0.22
	< 0.05


Notes: *LP, low dietary protein; †HP, high dietary protein; #CHO, carbohydrates; ‡SBP, sugar beet pulp; ¶LNC, lignocellulose; §SCFA, short chain fatty acids. ◊BCFA, branched chain fatty acids
♦The p-values indicate diet (protein, SBP or LNC) effects. Only effects of the main factors are given	

Figure 1A-E. Principal component analysis (PCA) of microbial metabolite patterns in A) stomach, B) ileum, C) cecum, D) proximal colon, E) distal colon of piglets fed diets containing   low dietary protein (LP)/low fermentable carbohydrates,   LP/high sugar beet pulp (SBP),   LP/high lignocellulose (LNC),   high dietary protein (HP)/low fermentable carbohydrates,   HP/ SBP, or   HP/ LNC.
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