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SUMMARY 

 

The present thesis constitutes a step forward in advancing the knowledge of the 

methods to quantify soluble fibre and the effects of the fibre fractions and source of fibre 

on the site the digestion of different fractions of fibre (soluble and insoluble) in the rabbit. 

There is a positive effect of soluble fibre on rabbit digestive health and therefore on the 

reduction of mortality in weaning rabbits. Nevertheless, it is no so clear that the effects of 

soluble fibre on rabbits are due particularly to this fraction. This thesis aims: 1) to compare 

the quantification of soluble fibre in feeds using different chemical and in vitro approaches, 

and to study the potential interference between soluble fibre and mucin determinations, 2) 

to identify the effects of type of fibre, site of fermentation, method to quantify insoluble 

and soluble fibre, and correction of the intestinal soluble fibre content for intestinal mucin 

on the digestibility of fibre fractions and 3) to evaluate the individual effect of soluble and 

insoluble fibre from sugar beet pulp and apple pulp on ileal and faecal soluble and 

insoluble digestibility and digestive traits. These objectives were developed in four studies: 

The first study compared the quantification of soluble fibre in feeds using different 

chemical and in vitro approaches, and studied the potential interference between soluble 

fibre and mucin determinations. Six ingredients, sugar beet pulp (SBP), SBP pectins, 

insoluble SBP, wheat straw, sunflower hulls and lignocellulose, and seven rabbit diets, 

differing in soluble fibre content, were evaluated. In experiment 1, ingredients and diets 

were analysed for total dietary fibre (TDF), insoluble dietary fibre (IDF), soluble dietary 

fibre (SDF), aNDFom (corrected for protein, aNDFom-cp) and 2-step pepsin/pancreatin in 

vitro DM indigestibility (corrected for ash and protein, ivDMi2). Soluble fibre was 

estimated by difference using three procedures: TDF - IDF (SDFIDF), TDF - ivDMi2 

(SDFivDMi2), and TDF - aNDFom-cp (SDFaNDFom-cp). Soluble fibre determined directly 

(SDF) or by difference, as SDFivDMi2 were not different (109 g/kg DM, on average). 

However, when it was calculated as SDFaNDFom-cp the value was 40% higher (153 g/kg DM, 

P < 0.05), whereas SDFIDF (124 g/kg DM) did not differ from any of the other methods. 

The correlation between the four methods was high (r ≥ 0.96. P ≤ 0.001. n = 13), but it 

decreased or even disappeared when SBP pectins and SBP were excluded and a lower and 

more narrow range of variation of soluble fibre was used. In experiment 2, the ivDMi2 

using crucibles (reference method) were compared to those made using individual or 

collective ankom bags in order to simplify the determination of SDFivDMi2. The ivDMi2 
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was not different when using crucibles or individual or collective ankom bags. In 

experiment 3, the potential interference between soluble fibre and intestinal mucin 

determinations was studied using rabbit intestinal raw mucus, digesta and SBP pectins, 

lignocelluloses and a rabbit diet. An interference was observed between the determinations 

of soluble fibre and crude mucin, as the content of TDF and apparent crude mucin were 

high in SBP pectins (994 and 709 g/kg DM) and rabbit intestinal raw mucus (571 and 739 

g/kg DM). After a pectinase treatment, the coefficient of apparent mucin recovery of SBP 

pectins was close to zero, whereas that of rabbit mucus was not modified. An estimation of 

the crude mucin carbohydrates retained in digesta TDF is proposed to correct TDF and 

soluble fibre digestibility. In conclusion, the values of soluble fibre depend on the 

methodology used. The contamination of crude mucin with soluble fibre is avoided using 

pectinase. 

The second study focused on the effect of type of fibre, site of fermentation, method 

for quantifying insoluble and soluble dietary fibre, and their correction for intestinal mucin 

on fibre digestibility. Three diets differing in soluble fibre were formulated (85 g/kg DM 

soluble fibre, in the low soluble fibre [LSF] diet; 102 g/kg DM in the medium soluble fibre 

[MSF] diet; and 145 g/kg DM in the high soluble fibre [HSF] diet). They were obtained by 

replacing half of the dehydrated alfalfa in the MSF diet with a mixture of beet and apple 

pulp (HSF diet) or with a mix of oat hulls and soybean protein (LSF diet). Thirty rabbits 

with ileal T-cannulas were used to determine total tract apparent digestibility (CTTAD) 

and ileal apparent digestibility (CIAD). Caecal digestibility was determined by difference 

between CTTAD and CIAD. Insoluble fibre was measured as aNDFom-cp, IDF, and 

ivDMi2, whereas soluble fibre was calculated as SDFaNDFom-cp, SDFIDF, SDFivDMi2. The 

intestinal mucin content was used to correct the TDF and soluble fibre digestibility. Ileal 

and faecal concentration of mucin increased from the LSF to the HSF diet group (P < 

0.01). Once corrected for intestinal mucin, The CTTAD and CIAD of TDF and soluble 

fibre increased whereas caecal digestibility decreased (P < 0.01). The CIAD of TDF 

increased from the LSF to the HSF diet group (0.12 vs. 0.281. P < 0.01), with no difference 

in the caecal digestibility (0.264), resulting in a higher CTTAD from the LSF to the HSF 

diet group (P < 0.01). The CIAD of insoluble fibre increased from the LSF to the HSF diet 

group (0.113 vs. 0.21. P < 0.01), with no difference in the caecal digestibility (0.139) and 

no effect of fibre method, resulting in a higher CTTAD for rabbits fed the HSF diet 

compared with the MSF and LSF diets groups (P < 0.01). The CTTAD of aNDFom-cp was 

higher compared with IDF or ivDMi2 (P < 0.01). The CIAD of soluble fibre was higher for 
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the HSF than for the LSF diet group (0.436 vs. 0.145. P < 0.01) and fibre method did not 

affect it. Caecal soluble fibre digestibility decreased from the LSF to the HSF diet group 

(0.721 vs. 0.492. P < 0.05). The lowest caecal and faecal soluble fibre digestibility was 

measured using SDFaNDFom-cp (P < 0.01). There was a high correlation among the 

digestibilities of soluble fibre measured as SDFaNDFom-cp, SDFIDF, and SDFivDMi2. Therefore, 

these methodologies provide similar information. However, the method that seems to be 

globally better related to the physiological traits (ileal flow of mucins, and relative weight 

of the caecum and caecal pH from previous work) was the SDFaNDFom-cp. In conclusion, a 

correction for intestinal mucin is necessary for ileal TDF and soluble fibre digestibility 

whereas the selection of the fibre method has a minor relevance. The inclusion of sugar 

beet and apple pulp increased the amount of TDF fermented in the small intestine. 

The third study examined the effect of fibre fractions of sugar beet pulp (SBP) and 

the method for quantifying soluble and insoluble fibre on soluble and insoluble fibre 

digestibility and digestive traits. Four diets were formulated with similar level of insoluble 

fibre (aNDFom-cp:  315 g/kg DM) and protein (167 g/kg DM). Control diet contained the 

lowest level of soluble fibre (30.3 g/kg DM, including sunflower hulls and straw as sole 

sources of fibre). A second diet was obtained by replacing 60 g starch/kg of control diet 

with SBP pectins (82.9 g soluble fibre/kg DM). Two more diets were obtained by replacing 

part of the fibrous sources of the control diet with either insoluble SBP fibre or SBP (42.2 

and 82.3 g soluble fibre/kg DM, respectively). Fifty six (14/diet) rabbits weighing 2.40  

0.213 kg were used to determine faecal and ileal digestibility of total dietary fibre (TDF), 

insoluble dietary fibre (IDF), neutral detergent fibre corrected for ash and CP (aNDFom-

cp) and soluble fibre estimated as SDFaNDFom-cp and SDFIDF. Faecal and ileal mucin content 

was used to correct TDF and soluble fibre digestibility. It was also recorded weight of 

digestive segments and digesta pH. Rabbits fed insoluble SBP showed the lowest feed 

intake with respect to the other 3 diets (124 vs. 139 g/d, respectively. P < 0.05). Ileal mucin 

flow was higher (P < 0.05) in animals fed pectin and SBP diets (9.0 g/d, as average) than 

those fed control diet (4.79 g/d), showing InsSBP group an intermediate value. No 

differences on mucin content were detected at faecal level. There was no diet effect on the 

CIAD of TDF (corrected for mucin) and insoluble fibre. Fibre methodology influenced the 

CIAD of insoluble fibre (0.123 for IDF vs. 0.108 for aNDFom-cp. P < 0.01). Anyway, the 

amount of insoluble fibre fermented before the caecum did not differ between both 

methods (4.9 g/d, on average). Rabbits fed insoluble SBP and SBP diets showed the 

highest CTTAD of insoluble fibre (0.266 on average vs. 0.106 for control group), whereas 
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those fed pectin diet had an intermediate value (0.106. P < 0.001). The CTTAD of 

insoluble fibre measured with IDF was higher than that measured with aNDFom-cp (by 

20%. P < 0.001). It led that the amount of insoluble fibre fermented along the digestive 

tract were different (9.5 or 7.5 g/d when calculated as IDF or aNDFom-cp, respectively; P 

< 0.001). When the CIAD of soluble fibre was corrected for mucin they became positive (P 

< 0.001) except for control group measured as SDFIDF. Once corrected for mucin content, 

rabbits fed soluble fibre from SBP (pectin and SBP groups) showed higher CIAD of 

soluble fibre than control group (0.483 vs. -0.019. respectively), whereas the value for 

insoluble SBP group was intermediate 0.274. The CTTAD of soluble fibre (mucin 

corrected) was similar among diets 0.93.  Rabbits fed with SBP and insoluble SBP diets 

showed higher total digestive tract and stomach relative weight than those fed pectin and 

control diets (by 11 and 56 %. respectively, P < 0.05). The caecal relative weight did not 

differ in rabbits fed pectin, insoluble SBP, and SBP diets (62 g/kg BW, as average) and 

they were on average 16% higher (P < 0.001) than in control group. Caecal content of 

rabbits fed SBP diet was more acid than those fed control diet (5.64 vs. 6.03. P < 0.001), 

whereas those from pectin and insoluble SBP diets showed intermediate values. In 

conclusion, the positive effect of SBP fibre on ileal mucin flow was due to both its soluble 

and insoluble fibre fraction. Half of the soluble SBP fibre was degraded before the caecum 

independently it came from pectin or SBP. The caecal pH correlated better with the ileal 

amount of fermented TDF in the digestive tract rather than with that fermented in the 

caecum.  

The last study examined the effect of soluble and insoluble fibre of apple pulp on 

fibre digestibility and digestive traits. Four diets were formulated with similar level of 

insoluble fibre (aNDFom-cp: 324 g/kg DM) and protein (18.6 g/kg DM). Control diet 

contained the lowest level of soluble fibre (46 g soluble fibre/kg DM, including oat hulls 

and straw as sole sources of fibre). A second diet was obtained by replacing 60 g starch/kg 

of control diet with apple pectins (105 g soluble fibre/kg DM). Two more diets were 

obtained by substituting part of the fibrous sources of the control diet by either apple pulp 

or depectinized apple pulp (93 and 71 g soluble fibre/kg, respectively). The CTTAD was 

determined in 23 rabbits/diet weighing 1.68  0.23 kg BW, and 23 rabbits/diet were 

slaughtered at 60 d of age to collect ileal digesta to determine CIAD and record other 

digestive traits. Soluble fibre from apple stimulated ileal flow of mucin (P = 0.002), but 

depectinized apple pulp did not. The correction for mucin increased the digestibility of 

crude protein, total dietary fibre, and soluble fibre at faecal, but especially at ileal level, 
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depending in this case on the diet. Around half of the soluble fibre in diets containing any 

fibre fraction from apple was degraded at ileal level, with no differences among these diets 

(0.46 vs. 0.066 for control group, P=0.046). Faecal soluble fibre digestibility was 0.86 on 

average for all groups). Inclusion of the apple insoluble fibre improved NDF digestibility 

at faecal (0.222 vs. 0.069. P < 0.05) but not at ileal level. Caecal content of rabbits fed 

apple pulp diet was more acid than those fed control diet (5.55 vs. 5.95. P < 0.001), 

whereas those from pectin and depectinised apple pulp diets showed intermediate values. 

In conclusion, the positive effect of apple fibre on ileal mucin flow was mainly due to its 

soluble fibre fraction. Half of the soluble apple fibre was degraded before the caecum 

independently it came from pectin or apple pulp. The caecal pH correlated better with the 

total and ileal amount of fermented TDF in the digestive tract rather than with that 

fermented in the caecum. 

The results obtained in the studies 2, 3 and 4 were considered together. These results 

showed that the mucin correction is necessary when the TDF and soluble fibre digestibility 

is determined, and it correction is more important at ileal level and in diets with low level 

of soluble fibre. On another hand, incrementing the soluble fibre using sugar beet and 

apple pulp increased the amount of TDF disappear before the caecum. Moreover, the 

caecal pH correlated better with the ileal amount of fermented TDF in the digestive tract 

rather than with that fermented in the caecum. This suggests that an ileal fibre 

solubilisation may occur rather than ileal fermentation. Therefore the implications of this 

work were that: the estimation of soluble fibre as SDFaNDFom-cp is an adequate method 

considering its correlation with the physiological effects; and the TDF and soluble fibre 

digestibility must be corrected with intestinal mucins, especially when the ileal digestibility 

is determined. 

 

Keywords: In vitro DM indigestibility, insoluble dietary fibre, intestinal crude mucin, 

rabbit, soluble dietary fibre, ileal and faecal digestibility, sugar beet pulp, insoluble and 

soluble fibre, mucin, caecal pH, apple pulp, pectin. 
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RESUMEN 

 

La presente tesis constituye un avance en el estudio de los métodos para cuantificar 

la fibra soluble y los efectos de las fracciones de fibra y las fuentes de fibra sobre la 

digestión  de las diferentes fracciones de fibra (soluble e insoluble) en el conejo. Hay un 

efecto positivo de la fibra soluble sobre la salud intestinal de los conejos y, por ende, una 

reducción de la mortalidad en animales destetados. Pese a esto, no está claro si estos 

efectos se deben específicamente a la fracción soluble. Por lo que los objetivos generales 

de esta tesis fueron: 1) comparar diferentes metodologías químicas e in vitro para 

cuantificar la fibra soluble y estudiar las posibles interferencias en la cuantificación de la 

fibra soluble por las mucinas, y viceversa, 2) determinar los efectos de la fibra, el lugar de 

fermentación, el método para valorar la fibra soluble e insoluble, y la corrección de la fibra 

soluble por el contenido intestinal de mucinas sobre la digestibilidad de las distintas 

fracciones de la fibra y 3) evaluar los efectos individuales de las fracciones soluble e 

insoluble de la fibra de pulpa de remolacha y de manzana, sobre la digestibilidad de la 

fibra soluble e insoluble y los parámetros digestivos. Para ello se llevaron a cabo 4 

estudios. 

 En el primer estudio se compararon diferentes metodologías químicas e in vitro 

para valorar la fibra soluble de diferentes alimentos y se estudió la posible interferencia en 

la determinación de la fibra soluble y mucinas. Para ello se utilizaron seis ingredientes 

(pulpa de remolacha, pectinas de pulpa de remolacha, pulpa de remolacha lavada, paja de 

cereal, cascarilla de girasol y lignocelulosa) y siete piensos de conejos con diferentes 

niveles de fibra soluble. En un primer experimento se analizó la fibra dietética total (FDT), 

la fibra dietética insoluble (FDI), la fibra dietética soluble (FDS), la fibra neutro detergente 

corregida por cenizas y proteínas (aFNDmo-pb), y la digestibilidad in vitro 2 pasos 

pepsina/pancreatina (residuo corregido por cenizas y proteína, ivMSi2) de los ingredientes 

y piensos. Además la fibra soluble se calculó mediante la diferencia entre FDT-FDI 

(FDSFDI), FDT- ivMSi2 (FDSivMSi2), y FDT - aFNDmo-pb (FDSaFNDmo-pb). Cuando la fibra 

soluble se determinó directamente como FDS o se calculó como FDT-FDI no se 

observaron diferencias (109 g/kg MS, en promedio). Sin embargo, cuando la fibra soluble 

se calculó como FDT - aFNDmo-pb su valor fue un 40% menor (153 g/kg MS. P < 0,05), 

mientras que la FDSFDI (124 g/kg MS) no fue diferente a ninguna de las otras 

metodologías. La correlación entre los tres métodos fue elevada (r > 0,96. P < 0,001. n = 
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13), pero disminuyó o incluso desapareció cuando la pulpa o las pectinas de la remolacha 

fueron excluidas del análisis. En un segundo experimento, se comparó el método ivDMi2 

usando crisoles (método de referencia) con una modificación del mismo usando bolsas 

ANKOM digeridas individualmente o en colectivo para simplificar la determinación de la 

FDSivMSi2. La FDSivMSi2 no difirió entre los métodos comparados. En un tercer 

experimento, se analizó la posible interferencia entre la determinación de la fibra soluble y 

las mucinas intestinales. Se observó un contenido de FDT y de mucinas elevado en las 

muestras de pectinas de remolacha (994 y 709 g/kg MS), así como en el moco intestinal de 

conejo (571 y 739 g/kg MS) cuando se aplicó el método de mucinas por precipitación con 

etanol. Sin embargo, después de aplicar una pectinasa en el material precipitado, la 

cantidad de mucinas recuperadas en las muestras de pectinas de remolacha fue cercana a 

cero, mientras que en el moco intestinal fue similar a los resultados previos al uso de la 

enzima. Con los resultados de este ensayo se estimaron los carbohidratos de mucinas 

retenidos en los contenidos digestivos y se propuso una corrección para la determinación 

de la digestibilidad de la FDT y fibra soluble. En conclusión, la contaminación de las 

mucinas de la digesta con fibra soluble se soluciona usando pectinasas. 

 El segundo estudio se centró en estudiar: 1) el efecto del tipo de fibra, 2) el sitio de 

fermentación, 3) el método para cuantificar fibra y 4) la corrección por mucinas sobre la 

digestibilidad de la fibra. Para ello se formularon tres piensos con diferentes niveles de 

fibra soluble (FDT-aFNDmo-pb). Un pienso bajo en fibra soluble (LSF. 85 g/kg DM), un 

pienso medio en fibra soluble (MSF. 102 g/kg DM), y un pienso alto en fibra soluble 

(HSF. 145 g/kg DM). Estos piensos se obtuvieron reemplazando un 50% del heno del 

alfalfa en el pienso MSF por una mezcla de pulpa de manzana y remolacha (HSF) o por 

una mezcla de cascarilla de avena y proteína de soja (LSF). Se utilizaron 30 conejas 

canuladas para determinar la digestibilidad ileal y fecal. La digestibilidad cecal se calculó 

mediante diferencia entre la digestibilidad fecal e ileal. La fibra insoluble se determinó 

como aFNDmo-pb, IDF, e ivMSi2,  mientras que la fibra soluble se calculó como FDSFDI, 

FDSaFNDmo-pb, y FDSivMSi2. La digestibilidad de la FDT y la fibra soluble se corrigieron por 

las mucinas. La concentración de mucinas en la digesta ileal y fecal,  aumento desde el 

grupo LSF hasta el grupo con el pienso HSF (P < 0,01). La corrección por mucinas 

aumentó las digestibilidades de la FDT y la fibra soluble a nivel ileal, mientras que a nivel 

cecal las redujo. (P < 0.01). El coeficiente de digestibilidad ileal de FDT aumentó desde el 

grupo LSF al grupo HSF (0,12 vs. 0,281. P < 0,01), sin diferencias en el coeficiente de 

digestibilidad cecal (0,264), por lo que la tendencia a nivel fecal entre los grupos se 
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mantuvo. El coeficiente de digestibilidad ileal de la fibra insoluble aumento desde el grupo 

con el pienso LSF al grupo con el pienso HSF (0,113 vs. 0,210. P < 0,01), sin diferencias a 

nivel cecal (0,139) y sin efecto del método usado, resultando en una digestibilidad elevada 

a nivel fecal, con tendencias similares a las observadas a nivel ileal. El coeficiente de 

digestibilidad de la FND fue elevada en comparación con la FDI o la ivMSi2 (P > 0.01). El 

coeficiente de la digestibilidad ileal de la fibra soluble fue mayor en el grupo LSF respecto 

al grupo LSF (0,436 vs. 0,145. P < 0,01) y el método no afectó a esta determinación. El 

coeficiente de la digestibilidad cecal de la fibra soluble se redujo desde el grupo LSF hasta 

el grupo HSF (0,721 vs. 0,492. P < 0,05). El valor más bajo de digestibilidad cecal y fecal 

de fibra soluble fue medido con el método FDSaFNDmo-pb (P < 0,01). Se observó una alta 

correlación entre las digestibilidades de la fibra soluble determinada como FDSFDI, 

FDSaFNDmo-pb, y FDSivMSi2, por lo tanto la información proporcionada por una u otra 

metodología fueron similares. Sin embargo, cuando se compararon con efectos fisiológicos 

(producción de mucinas y peso del ciego y pH del ciego de un trabajo previo), la 

FDSaFNDmo-pb globalmente mostró estar mejor correlacionado con estos parámetros 

fisiológicos. En conclusión, la corrección por mucinas es necesaria para determinar la 

digestibilidad ileal de la FDT y fibra soluble, mientras que la elección de uno u otro 

método es menos relevante. La inclusión de pulpa de manzana y remolacha incrementa la 

cantidad de FDT que desaparece antes de llegar al ciego. 

 En el tercer estudio se estudió el efecto de la fracción fibrosa soluble e insoluble de 

la pulpa de remolacha y el método de cuantificación de la fibra soluble e insoluble sobre la 

digestibilidad de la fibra y algunos parámetros digestivos. Para ello se formularon cuatro 

piensos con niveles similares de fibra insoluble (315g aFNDmo-pb/kg MS) y proteína (167 

g/kg MS). El pienso control contuvo el nivel más bajo de fibra soluble (30,3 g/kg, con 

cascarilla de girasol y paja como fuente de fibra). Un segundo pienso se obtuvo mediante 

la sustitución de 60 g de almidón/kg del pienso control por pectinas de remolacha (82,9 g 

fibra soluble/kg MS). Los otras dos piensos resultaron de la sustitución parcial de las 

fuentes de fibra del pienso control por la fracción insoluble de la pulpa de remolacha y la 

pulpa de remolacha entera (42.2 y 82.3 g fibra soluble/kg MS, respectivamente). Cincuenta 

y seis conejos en cebo (14/pienso), de 2,4  0.21 kg de peso, fueron usados para determinar 

la digestibilidad ileal y fecal de la FDT, FDI, aFNDmo-pb, FDSFDI, y FDSaFNDmo-pb. La 

concentración de mucinas en el íleon y heces se utilizaron para corregir la digestibilidad de 

la FDT y fibra soluble. También se midió el peso de diferentes segmentos del tracto 

digestivo y el pH del contenido digestivo. Los conejos alimentados con el pienso de fibra 
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insoluble de pulpa de remolacha mostraron los consumos más bajos con respecto a los 

demás grupos (124 vs. 139 g/d, respectivamente. P < 0,05). El flujo de mucinas ileales fue 

más alto (P < 0.05) en el grupo alimentado con el pienso de pectinas de remolacha (9,0 g/d 

en promedio) que los del grupo control (4,79 g/d), mostrando los otros dos grupos valores 

intermedios, sin detectarse diferencias a nivel fecal. La digestibilidad ileal de la FDT 

(corregida por mucinas) y la fibra insoluble no se vieron afectadas por el tipo de pienso. El 

método usado para determinar la fibra insoluble afectó su digestibilidad ileal (0,123 para 

FDI vs. 0,108 para aFNDmo-pb. P < 0.01). De todas formas, los métodos no afectaron al 

cálculo de la fibra fermentada antes del ciego (4,9 g/d en promedio). Los conejos 

alimentados con el pienso de pulpa de remolacha y con el pienso con la fracción insoluble 

de la pulpa de remolacha mostraron las digestibilidades fecales más altas de la fibra 

insoluble (0,266 en promedio vs. 0,106 del grupo control), mientras que en los animales 

del pienso con pectinas esta digestibilidad fue un 47% mayor respecto al pienso control (P 

< 0,001). La digestibilidad fecal de la fibra insoluble fue un 20% más alta cuando se usó la 

FND en lugar de FDI para determinarla (P < 0.001). Esto hizo variar la cantidad de fibra 

insoluble fermentada a lo largo del tracto digestivo (9,5 ó 7,5 g/d cuando fue calculada 

como FDI o aFNDmo-pb, respectivamente. P < 0,001). Las digestibilidades ileales de la fibra 

soluble fueron positivas cuando los análisis de fibra soluble de los contenidos ileales 

fueron corregidos por mucinas, (P < 0,001) excepto para la digestibilidad ileal de la FDSIDF 

del grupo control. Una vez corregidas por mucinas, los conejos alimentados con los 

piensos que contuvieron la fracción soluble de la pulpa de remolacha (pienso de pectina y 

pulpa de remolacha) mostraron una mayor digestibilidad ileal de la fibra soluble, respecto 

al grupo control (0,483 vs. -0,010. P = 0.002), mientras que el grupo del pienso de fibra 

insoluble de pulpa de remolacha mostró un valor intermedio (0,274). La digestibilidad total 

de la fibra soluble fue similar entre todos los grupos (0.93). Los conejos alimentados con 

pulpa de remolacha y su fracción insoluble mostraron los pesos relativos más altos del 

estómago respecto a los del pienso control y de pectinas (11 y 56 % respectivamente; P < 

0,05). Por otra parte, el peso relativo del ciego aumentó en los animales que consumieron 

tanto la fracción soluble como insoluble de la pulpa de remolacha, siendo un 16% más 

pesados (P < 0,001) que el grupo control. El pH del contenido cecal fue más bajo en los 

animales del grupo de pulpa de remolacha que en los del grupo control (5,64 vs. 6,03; P < 

0,001), mientras que los del grupo de pectinas y de fibra insoluble de pulpa de remolacha 

mostraron valores intermedios. En conclusión, el efecto positivo de la pulpa de remolacha 

en el flujo de mucinas a nivel ileal se debe a la fracción soluble e insoluble de la pulpa de 
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remolacha. La mitad de la fibra soluble de la pulpa de remolacha desaparece antes de llegar 

al ciego, independientemente si esta proviene de pectinas puras o de la pulpa de remolacha. 

El pH cecal esta mejor correlacionado con la cantidad de FDT que desaparece antes del 

ciego más que con la que se degrada en el ciego. 

 En el último estudio se estudiaron los efectos de la fibra soluble e insoluble de la 

pulpa de manzana sobre la digestibilidad de la fibra y algunos parámetros digestivos. 

Cuatro dietas fueron formuladas con niveles similares de fibra insoluble (aFNDmo-pb 

32,4%) y proteína (18,6% ambos en base seca). El pienso control contuvo el nivel más bajo 

de fibra soluble (46 g de fibra soluble/kg, con cascarilla de girasol y paja de cereales como 

la fuentes de fibra). Un segundo pienso fue obtenido mediante la sustitución de 60 g de 

almidón/kg del pienso control por pectinas de manzana (105 g fibra soluble/kg). Los otros 

dos piensos se obtuvieron por la substitución de parte de las fuentes de fibra del pienso 

control por pulpa de manzana o pulpa de manzana despectinizada (93 y 71 g de fibra 

soluble/kg, respectivamente). La digestibilidad fecal fue determinada en 23 conejos/pienso 

con 1.68 ± 0.23 kg de peso vivo, los cuales fueron sacrificados a los 60 d edad para 

recolectar su contenido digestivo para determinar digestibilidad ileal y otros parámetros 

digestivos. La fibra soluble de manzana (pectinas y pulpa entera) estimuló el flujo ileal de 

mucinas (P = 0,002), pero no asi la pulpa despectinizada. La corrección por mucinas 

incrementó la digestibilidad de la FDT y la fibra soluble a nivel fecal, y especialmente a 

nivel ileal. Cerca de la mitad de la fibra soluble proveniente de los piensos con cualquiera 

de las fracciones de la pulpa de manzana fue degradada a nivel ileal, sin mostrar 

diferencias entre los grupos (46 y 86% en promedio a nivel ileal y fecal respectivamente). 

La inclusión de pulpa despectinizada de manzana mejoró la digestibilidad de la FND a 

nivel fecal (P < 0,05) pero no a nivel ileal. El contenido cecal de los conejos alimentados 

con la pulpa de manzana tuvieron el pH cecal más ácido que los del pienso control (5,55 

vs. 5,95. P < 0,001), mientras que los animales con el pienso de pectinas de manzana y de 

pulpa de manzana despectinizada mostraron valores intermedios. En conclusión los efectos 

positivo de la pulpa de manzana en el flujo de mucinas se debió principalmente a la 

fracción soluble de la pulpa de manzana. La mitad de la fibra soluble fue degradada antes 

del ciego independientemente de si esta provino de las pectinas o de la pulpa de manzana. 

El pH cecal estuvo mejor correlacionado con la cantidad de FDT fermentada en todo el 

tracto digestivo y antes de llegar al ciego que con la que se degradó en el ciego. 

 Al integrar los resultados de los estudio 2, 3 y 4 se concluyó que la corrección de 

mucinas de los contenidos digestivos al determinar FDT y fibra soluble es necesaria para 
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ajustar los cálculos de su digestibilidad. Esta corrección es mucho más importante a nivel 

ileal y en dietas bajas en fibra soluble. Por otra parte, la FDT desapareció en proporciones 

importantes antes de llegar al ciego, especialmente en piensos que contienen pulpa de 

remolacha o de manzana o alguna fracción soluble o insoluble de las mismas y estas 

diferencias observadas entre los piensos a nivel ileal se correlacionaron mejor con el pH 

cecal, lo que indicaría que la FDT se solubilizó antes de llegar al ciego y una vez en esté 

fermentó. Estos resultados implican que determinar la fibra soluble como  FDSaFNDmo-pb es 

la mejor opción y que en la determinación de la digestibilidad de la FDT y fibra soluble se 

debe considerar la corrección por mucinas especialmente a nivel ileal y en piensos bajos en 

fibra soluble.  

 

Palabras claves: In vitro MS indigestible, fibra dietética insoluble, mucinas intestinales, 

conejos, fibra dietética soluble, digestibilidad ileal y fecal, pulpa de remolacha, pH cecal, 

pectinas de manzana, pulpa de manzana, pectinas, conejos. 
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I. INTRODUCTION AND OBJETIVES 

 

The fibre requirements of rabbits have been defined in terms of insoluble fibre 

(aNDFom, ADFom, and/or ADL) and its particle size (de Blas and Mateos, 2010). A 

growing rabbit diet is required to favour intestinal peristalsis and decrease total and caecal 

mean retention time of digesta that avoids accumulation of digesta in the caecum. 

Consequently, an optimum diet for these rabbits should contain a level of aNDFom 

between 30 and 36%, a minimum of 3.6% of ADL, and 20.6% of large particles (> 0.315 

mm, 20.6 %) (Nicodemus et al., 1999; Nicodemus et al., 2006). These recommendations 

lead to optimize feed intake, growth performance, and digestive health (de Blas et al., 

1999; García et al., 2002; Gidenne, 2003; Nicodemus et al., 2006). In contrast, soluble 

fibre has been commonly neglected in rabbit nutrition. Nevertheless, recent studies have 

reported scientific evidence of a positive role of soluble fibre on rabbit digestive health 

(Perez et al., 2000; Soler et al., 2004; Xiccato et al., 2006; Gómez-Conde et al., 2007) in a 

context of epizootic rabbit enteropathy. The soluble fibre promotes positive changes in 

intestinal microbiota and gut barrier function (Gómez-Conde et al., 2007; Gómez-Conde et 

al., 2009; Martínez-Vallespin et al., 2011a) that might account for the reduction of 

mortality (Trocino et al., 2013b; Gidenne, 2014). However, the characterization of soluble 

fibre is complex which makes difficult to answer key questions such as which are the 

conditions to soluble the fibre?. In human nutrition, there is a concept of dietary fibre. This 

concept considers the fibre as the indigestible polysaccharides by endogenous enzymes 

(Prosky, 2000). Focused on this concept, enzymatic methodologies were development to 

estimate the indigestible carbohydrates, and ethanol is used to recover by precipitation the 

soluble polysaccharides (Prosky, 1999). Moreover, the soluble fibre could be calculated as 

the difference between total and insoluble dietary fibre (Van Soest et al., 1991). However, 

both detergent and dietary fibre methods are carried out under no physiological conditions. 

The temperature and pH used could alter the solubilization of dietary fibre (Monro, 1993). 

Consequently, it is necessary an accurate and simple methodology to measure soluble fibre 

that resembles the values that would be obtained by the animal. The methodology to 

determine digestibility in vitro is performed under physiological condition of temperature 

(40ºC) and pH to simulate those of digestive tract (pH 2 and pH 6.8, similar to stomach and 

small intestine respectively) (Ramos et al., 1992), and could be a good alternative to 

quantify the fractions (soluble and insoluble) of fibre.  
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The positive effect of soluble fibre on the reduction of mortality in weaning rabbits 

can be associated with an improvement of the integrity and function of mucosa of small 

intestine, and changes in the microbial population in the gut (mainly in the caecum) 

(Gómez-Conde et al., 2007; Gómez-Conde et al., 2009). Fibre interacts with the gut 

microbiota and with the host mucosa, so mutual interactions exist between the three 

components (Gómez-Conde et al., 2007; Gómez-Conde et al., 2009; Castillo, 2013). 

However, the role of soluble fibre remains unclear. Maybe this fraction of fibre has a direct 

impact on the gut mucosa, and/or an intermediate effect through intestinal bacteria. In 

rabbits, the degradation of the total dietary fibre in the total digestive tract has a great 

variability (10 – 65%) (Trocino et al., 2013b). A significant fraction of fibre is degraded 

before the caecum (0.40, Gidenne et al., 2010) which may be related to the effects 

observed on the mucosa. Therefore, it is interesting to study where the fractions of fibre are 

degraded: before or in the caecum? On the other hand, the mucus (important component of 

intestinal barrier and source of endogenous carbohydrates) could be stimulated by soluble 

fibre (El Abed et al., 2011; Castillo, 2013) and could account for the positive effect of 

soluble fibre on health. In other way, the mucin which are the main component of mucus 

may be conflicting. These glycoproteins may interfere with the analysis of total and soluble 

dietary fibre of the digesta because both mucin and fibre methodologies use ethanol to 

recover the soluble components.  

A growing numbers of studies are showing the effects of soluble fibre over growth 

performance, digestive traits, digestibility, meet quality, sanitary risk, and intestinal health 

in rabbits. However, it is not so clear if the effects of soluble fibre on rabbits are due to 

only this fraction, because the traditional raw material used to increase the soluble fibre in 

the rabbit diets is the sugar beet pulp (Trocino et al., 2013b) that also includes easily 

fermentable low lignified insoluble fibre (Gidenne, 1987). In contrast, the apple pulp has 

less soluble fibre and more lignin respect to sugar beet pulp (FEDNA, 2010). Thus, it 

would be interesting to study where are degraded each fraction of fibre from pulps with 

different degree of lignification. 

Therefore, the following three objectives were determined: 

1) To compare the quantification of soluble fibre in feeds using different chemical and in 

vitro approaches, and to study the potential interference between soluble fibre and mucin 

determinations. 
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2) To identify the effects of type of fibre, site of fermentation, method to quantify insoluble 

and soluble fibre, and correction of the intestinal soluble fibre content for intestinal mucin 

on the digestibility of fibre fractions in rabbits. 

3) To evaluate the individual effect of soluble and insoluble fibre from sugar beet pulp and 

apple pulp on digestibility and digestive traits. 
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II. LITERATURE REVIEW 

 

This review begins introducing concepts and classifying carbohydrates and fibre. 

Then, the methods for determining fibre are presented, and the main results dealing with 

fibre degradability, and its impacts on the digestive physiology are reviewed. 

2.1. CARBOHYDRATES 

Carbohydrates are the main component and source of energy of rabbit diets (e.g. the 

recommendation of carbohydrates requirements (Starch + NDF) of intensively reared 

rabbits is: > 49% in breeding does and > 63% in fattening rabbits) (de Blas and Mateos, 

2010). However, the carbohydrates represent a group of highly diversified substances with 

a range of chemical, physical and physiological properties. Therefore, the carbohydrates 

can be classified by their properties (Table 2.1). The chemical classification is mainly 

determined by degree of polymerization (DP) and the type of linkage (α or non-α). Based 

on the degree of polymerization, the carbohydrates are divided in monosaccharide (1 DP), 

disaccharides (2 DP), oligosaccharides (3 - 9 DP), and polysaccharides (≥10 DP). The 

nutritional classification is due to the capacity of endogenous enzyme to hydrolyse the 

carbohydrates as: digested, and not digested by endogenous enzymes. But, the not digested 

carbohydrates are potentially fermented by the microflora in the intestine. The 

functional/physiological classification of carbohydrates is focused on their potential health 

benefits (e.g. Prebiotic, and glycaemia activity) 

 

2.2. DIETARY FIBRE 

 

2.2.1. Definition 

It is difficult to have a unique and precise definition of dietary fibre due to its 

chemical and physical complex structures. Traditionally, the concepts and analyses of the 

fibre are focused on the chemistry and architecture of plant cell wall material (Southgate, 

1977), which is predominantly composed of structural polysaccharides (cellulose, 

hemicelluloses, pectins, gums, waxes) and lignin (Trowell, 1974). However, resistant 

starch and oligosaccharides have emerged as other important source of fermentation 

substrates for the intestinal microflora. Though the lignin is not a carbohydrate, it is a 

complex polyphenol closely related to structural carbohydrates. Therefore, the 
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physiological effect of this relation between lignin and carbohydrates (e.g. on digestibility) 

explains its inclusion in dietary fibre fraction (Dintzis, 1982).  

 

Table 2.1. Chemical, nutritional and functional/physiological classification of 

carbohydrates. 

 Category 
DP Endogens 

enzymes 
Type of component Prebiotic Glycaemic 

D
ig

es
ti

b
le

 

Sugars  1  Glucose, fructose - +++ 

 2 

2 

2 

Y 

Y 

Y 

Sucrose 

Lactose  

Maltose 

- 

-/+ 

- 

++ 

++ 

++ 

Oligosaccharides 3-9 Y Maltodextrins - ++ 

Polysaccharides      

Starch ≥10 Y Amylose, Amylopectin - +++ 

N
o
n

-d
ig

es
ti

b
le

 

Resistant starch ≥10 Y/N  ++ - 

Non-starch 

polysaccharides 
≥10 N Cellulose - - 

≥10 N β-glucan +/- - 

≥10 N Arabinoxylan +/- - 

≥10 N Pectins +/- - 

Oligosaccharides 3 N Raffinose  +/- - 

 4 N Stachyose +/- - 

 5 N Verbascose +/- - 
 3-9 N Fructooligosaccharides +++ - 

 3-9 N Xylo-oligosaccharides + - 
Sugars 1 N Sorbitol +/- - 

Non-cell wall NSP ≥10 N Fructams/inulin +++ - 

 ≥10 N Mannans +++ - 

 ≥10 N Guar gum - - 

(Asp, 1996; Cummings and Stephen, 2007; Englyst and Englyst, 2007) 

DP: degree of polimerization. NSP: Non-starch polysaccharides. Y: yes. N: Not 

 

In recent years, continuous debates concerning dietary fibre definition and methods 

to measure it have transformed the type of definitions of fibre. Consequently, there are 

different definitions of dietary fibre depending on the topic; some of the most known are 

the following: 

 Biological definition, e.g. Trowell  (1972) – Dietary fibre is the proportion of the food 

(wall cell polysaccharides) that is resistant to hydrolysis by endogenous enzymes.  

 Chemical definition, e.g. Cummings (1981) – Dietary fibre is non starch 

polysaccharides and lignin.  

 Nutritional and physiological definition, e.g. The American Association of Cereal 

Chemists (AACC, 2001)- ‘Dietary fibre is the edible parts of plants or analogous 

carbohydrates that are resistant to digestion and absorption in the human small 

intestine with complete or partial fermentation in the large intestine’. 
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 Analytical definition, e.g. Codex Alimentarius Commission (2009) defined fibre as the 

carbohydrate polymers with ten or more monomeric units, lignin and other associated 

constituents. 

 Actually the European Commission integrates these concepts in the regulation 

1169/2011/EU that was applied from 13 December 2014. This organism defines fibre 

as:“'fibre' means carbohydrate polymers with three or more monomeric units, which 

are neither digested nor absorbed in the human small intestine and belong to the 

following categories:  

- edible carbohydrate polymers naturally occurring in the food as consumed;  

- edible carbohydrate polymers which have been obtained from food raw material by 

physical, enzymatic or chemical means and which have a beneficial physiological 

effect demonstrated by generally accepted scientific evidence;  

- edible synthetic carbohydrate polymers which have a beneficial physiological effect 

demonstrated by generally accepted scientific evidence”.  

 

2.2.2. Composition 

The polymer that constitutes the dietary fibre can be obtained from various types of 

plant materials. There are two main groups of dietary fibre components according to their 

locations: plant cell wall components and cytoplasm components (Selvendran, 1984). 

 

The cell wall components  

The plant cell wall consists of a series of polysaccharides that are often associated 

and/or substituted with proteins and phenolic compounds (Selvendran, 1984). Despite this 

diversity in plant cell wall morphology, two layers are commonly found in the cell walls: 

the primary and the secondary cell wall. The primary cell wall is generally a thin, flexible, 

and extensible layer formed when the cell is growing. The secondary cell wall is a thick 

layer formed inside the primary cell wall once the cell is fully-grown. It is not found in all 

cell types. In some cells, such as xylem, the secondary wall contains lignin, which 

strengthens and waterproofs the wall. A thin layer of material, the middle lamella (a layer 

rich in pectin), can be usually found between adjacent plant cells; it glues them together 

(Theander and Westerlund, 1993). 

The constituents of plant cell wall are arranged in a tridimensional network whose 

organization depends on the type of plant tissue. They can be ascribed to one of these three 

groups: fibrillary polysaccharides, matrix polysaccharides, and encrusting substances (e.g., 

http://en.wikipedia.org/wiki/Secondary_cell_wall
http://en.wikipedia.org/wiki/Xylem
http://en.wikipedia.org/wiki/Lignin
http://en.wikipedia.org/wiki/Middle_lamella
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lignin). The fibrillar polysaccharides are mainly made up of cellulose (but it usually 

contains small amounts of non-glycan polysaccharides and glycoproteins). The 

polysaccharides matrix is made up of linearly orientated polymers (mostly hemicelluloses 

and pectic substances) (Selvendran, 1984; Selvendran and Robertson, 1990). The 

encrusting substances are mainly nitrogen compounds. 

The plant cell wall is the main source of dietary fibre. The plant cell wall 

polysaccharides can be classified, based on their nutritional availability and physical 

properties, into two classes: i) those that are both water soluble non-starch polysaccharides 

and usually highly fermentable (constituents of soluble fibre; e.g., pectins, β-glucans, 

arabinoxylans), and ii) those that are water-insoluble polymers (insoluble fibre) and either 

indigestible or only partially and slowly degradable (mostly hemicelluloses and cellulose) 

(Mertens, 2003). Dividing dietary fibre into soluble fibre and insoluble fibre may provide 

important nutritional information for non-ruminants because their recovery in the faeces 

and impact on the physiological processes of digestion are different and thus can explain 

the effect of fibre in the intestinal health (Selvendran, 1984; Bach Knudsen, 2001; Mertens, 

2003; Gómez-Conde et al., 2007; Trocino et al., 2013). 

Cellulose is an homopolysaccharide composed of β-D glucopyranose with β[1-4] 

links (whereas starch is formed of α[1-4] linked D-glucopyranosyl chains). In nature, 

cellulose chains have a degree of polymerization of approximately 8,000 - 10,000 

glucopyranose units. It is the primary component of insoluble fibre. Additionally, it is both 

soluble and partially hydrolyzed in strong acid and insoluble in dilute acid, cold and hot 

water, and diluted alkali (e.g. 12 M sulphuric acid). Thus, it is indigestible in the digestive 

system of the animals due to the lack of enzymes that hydrolyse β linkages (Van Soest, 

1994). 

Hemicelluloses are a heterogeneous collection of polysaccharides that includes the 

large and very varied families of xyloglucans, arabinoxylans, arabinogalactans, 

galactomannans, glucomannans, xylans, and mannans. These heteropolysaccharides are 

polymers which tend to be small (50-200 saccharides units). Besides, they contain different 

sugar monomers such as glucose, xylose, mannose, galactose, rhamnose, and arabinose. 

Xylose is the sugar monomer that is always present in the largest amount while the uronic 

acid and galacturonic acid are occasionally present. Hexosans such as mannans, 

glucomannans, or galactans can only be dissolved in strong basic solutions. Pentosans such 

as xylans and arabinoxylans are soluble in either weak basic solutions (170-240 g/l) or in 

hot diluted acids (sulphuric acid 5 g/l) and some are soluble in water. The digestibility of 

http://en.wikipedia.org/wiki/Arabinose
http://en.wikipedia.org/wiki/Xylose
http://en.wikipedia.org/wiki/Mannose
http://en.wikipedia.org/wiki/Mannose
http://en.wikipedia.org/wiki/Galacturonic_acid
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hemicellulose is inversely related to lignification degree because it is more closely 

associated with lignin than any other polysaccharide (Selvendran, 1984; Van Soest, 1994). 

Pectic substances like the hemicelluloses also constitute a heterogeneous group of 

polysaccharides. Pectins of the wall are very large and complex molecules composed of 

different kinds of pectin polysaccharides (Selvendran, 1984; Van Soest, 1994). They 

typically contain both acidic sugars such as galacturonic acid and neutral sugar such as 

rhamnose, galactose, and arabinose. Pectin form a hydrated gel phase where the cellulose 

and hemicellulose network is embedded. They act as hydrophilic filler to prevent 

aggregation and collapse of the cellulose network. Pectins are the most soluble 

polysaccharides of the cell wall; therefore, they can be extracted with hot water or calcium 

chelators.  

Lignin is a polymer (non-saccharidic) of aromatic subunits. It is built up of three 

phenylpropane units (conyferulic, coumarilic and sinapinic acid). It serves as a matrix 

around the polysaccharide components of some plant cell wall because it provides 

additional rigidity and strong compression such that the walls become hydrophobic and 

water impermeable (Whetten and Sederoff, 1995). Moreover, lignin is the most significant 

factor that limits the availability of plant cell wall material for the animal and anaerobic 

digestion systems (Van Soest, 1994). 

Minerals (such as silica), phenolic acids (link to hemicelluloses and lignin), some 

proteins, plant epidermal substances (cutin for aerial parts, suberin for underground 

structures) and other phenolic compounds (tannins) are also present in plant cell walls, but 

in smaller quantities (Van Soest, 1994). 

 

Cytoplasm components 

The definition of dietary fibre includes all indigestible polysaccharides as 

indigestible storage carbohydrates (DeVries, 2003). Resistant starch, fructans and mannans 

are the main polysaccharides among these storage carbohydrates. The resistant starch is the 

fraction of starch which has escaped the digestion in the small intestine and may be 

fermented in the large intestine. Different factors contribute to the resistance of starch to 

digestion. For instance, it can be physically inaccessible by entrapment in a non-digestible 

matrix, ungelatinized, retrograded, or chemical modified. The general physiological 

behavior of resistant starch is similar to that of the soluble and fermentable fibre 

(Haralampu, 2000). 
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2.2.3. Physico-chemical properties 

The dietary fibre encompasses several types of cells and types of macromolecules; 

therefore, it exhibits a large variety of physic-chemical properties that depend on its 

chemical composition and its intermolecular association. The main physic-chemical 

properties with nutritional significance in pigs are the particle size, hydration properties, 

cation exchange capacity, viscosity and absorptive properties of the organic compound 

(Bach Knudsen, 2001). Fibre can directly bind water in a number of ways. The 

environmental conditions such as pH, ionic strength, and nature of the ions can influence 

the hydration values of fibres containing polyelectrolytes. The hydration properties are 

characterized by the swelling capacity, solubility, water holding capacity and water 

binding capacity (Bach Knudsen, 2001). The swelling is the capacity by which 

macromolecules are extended by incoming water. The solubility is the capacity of 

diffusion of the fibre in the water. Thus, it is the relative stability of the ordered and 

disordered forms that determine whether or not a polysaccharide will dissolve. The 

solubility depends on the organization and the bond strength of the polysaccharides. On the 

other hand, the water holding capacity is the amount of water retained by a known weight 

of fibre under the condition used. It is generally determined by filtration. The water 

binding capacity is the kinetics of water movement under defined conditions and it is 

determined by centrifugation. Both the water holding capacity and the water binding 

capacity reflect the ability of a fibre source to incorporate water within its matrix 

(Eastwood and Morris, 1992; Guillon and Champ, 2000). The viscosity of a fluid can be 

roughly described as its resistance to flow; it depends on the chemical structure, the 

molecular weight of the polymer, and concentration. Consequently, large and soluble 

polysaccharides increase the viscosity of the digestive content (Eastwood and Morris, 

1992). In rabbits, the particle size is the physical property linked with fibre with more 

influence on digestive physiology (García et al., 2000). When small feed particles increase 

(<0.3 mm): 1) rate of passage in the caecum delay, 2) digesta accumulates in the caecum 

increasing its relative weight, 3) fibre fermentation and digestion of fibre is enhanced, 4) 

total volatile fatty acids concentration (VFA) may increase, and decrease the caecal pH 

(García et al., 1999; García et al., 2000).  

 

2.2.4. Fibre determination 

The fibre determination should describe chemical composition accurately and 

provide information of nutritional relevance. The structural polysaccharides, in the 
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proximate analysis system, are determined as crude fibre (CF). The CF method 

is extremely robust because it can be easily measured in all types of feeds and foods; 

additionally, it can be reproduced within and among laboratories (Mertens, 2003). 

Nevertheless, this method is empirical and underestimates the total fibre (Fig. 2.2-A) due 

to the solubilisation and losses of lignin and hemicelluloses, or even part of cellulose. The 

cellulose is not completely recovered, and the behaviour of these materials in different 

plants is quite variable (Van Soest, 1994)). Depending on the feed material, CF may 

contain from 40 to 100% of the cellulose, 15 to 20 % of the hemicelluloses, and 5 to 90% 

of the lignin (Mertens, 2003). Therefore, this method underestimates the total content of 

plant cell wall polysaccharides.  

 

Figure 2.1. Comparison of different methodologies for fibre determination. The data were 

obtained from Fundación Española para el Desarrollo de la Nutrición Animal (FEDNA, 

2010). The total fibre was calculated as: DM – ash – ether extract – CP – starch – sugars. 

 

In order to determine the cell wall matrix and estimate its major subcomponents 

(hemicelluloses, cellulose, and lignin) the sequential analyses of detergent system were 

developed by Van Soest (1963): neutral detergent fibre (NDF), acid detergent fibre (ADF), 

and acid detergent sulphuric lignin (ADL). These methods provided a more satisfactory 

alternative to determine structural polysaccharides (Van Soest, 1994; Bach Knudsen, 2001; 

Mertens, 2003) (Fig. 2.2-B). However, water-soluble polysaccharides (mainly pectin or 

water soluble hemicelluloses substances) are lost (Hall, 2003; Mertens, 2003). The residues 

of NDF contain cellulose, insoluble hemicelluloses, and lignin as the major components, 

but also contain small amounts of protein and ash. The original NDF method was applied 

to forage. Its subsequent application to starchy foods and feed revealed interference with 

starch. Then, modifications with heat-stable α-amylase (aNDF) have been proposed to 

extend its application to grains, concentrated feed and human foods (Van Soest et al., 

1991; Mertens et al., 2002; Ferreira and Mertens, 2007). The ADF is used to determine 
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cellulose and lignin. Acid detergent fibre does not meet the nutritional definition of dietary 

fibre because acid-soluble hemicelluloses are removed. In ADL strong acid is used (acid 

sulphuric) to solubilise celluloses. The aNDF and ADF can be corrected by ash and 

reported in organic matter basis (aNDFom and ADFom) to eliminate some difference in 

results associated with inadequate washing of fibrous residues (Mertens et al., 2002). 

Sequential analyses are necessary to avoid interferences of soluble fibre in e.g. estimation 

of hemicelluloses by difference between NDF and ADF (it would be too low when pectin 

is precipitated into the ADF when it is done directly). Other problem is the nitrogen in the 

residues mainly in the heated/cooked protein rich feeds. Even though the sodium sulphite 

can be included to remove protein, it can solubilise phenolic compounds, so decreasing 

ADL value (Van Soest et al., 1991; Mertens et al., 2002; Mertens, 2003).  

The values of CF tend to be lower than those of ADF (Fig. 2.2-C). This is because 

the CF would solubilise more components of fibre than ADF. Besides, there are some 

factors that limits the utilization of the CF. For instance, the lack of relationship between 

nutritional definition of dietary fibre with CF, its inability of an advanced understanding 

about physiological responses to fibre, or its impact on physiology and health of the animal 

(Hall, 2003). However, both CF and ADF have demonstrated to be very useful to predict 

dietary energy value (Wiseman et al., 1992), and also show a higher reproducibility than 

NDF.  

Enzymatic methods were developed to quantify total dietary fibre (indigestible 

polysaccharides by endogenous secretions). These methods simulated the digestion when 

incubating the samples with enzymes (amylases, proteases, and amyloglucosidase). Dietary 

fibre is a more appropriate measure of fibre because it uses ethanol to precipitate and 

recover the indigestible water-soluble polysaccharides such as pectins and other sugars. 

However, the traditional gravimetrical methodology (AOAC 985.29/991.43) do not 

quantify low molecular weight soluble dietary fibres (resistant oligosaccharides) as 

recommended the last definition of European Commission. To solve this issue, the 

analytical method incorporates the use of liquid chromatography to measure the 

oligosaccharides in the residual liquid (AOAC 2009.01/2011.25), but this action makes 

difficult the applicability of this method in the laboratories. 
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Figure 2.2. Components measured and not measured by dietary fibre methodologies 

(McCleary et al., 2010). 

 

The total dietary fibre (TDF) is used particularly in human nutrition, but it has been 

used also in nutritional studies in non-ruminants. The TDF can be divided into soluble 

(SDF) and insoluble (IDF) dietary fibre (Prosky et al., 1985). The separation of soluble and 

insoluble fractions proved very useful in understanding the physiological properties of 

dietary fibre. The NDF and IDF values of different samples are analogous (Mertens, 2003). 

Therefore, the NDF would be a good option to quantify the insoluble fraction of fibre. On 

the other hand, the quantification of soluble fibre is more complex, because the terms 

soluble raise the question: soluble in what conditions? The detergents methodologies 

propose the use of neutral detergent soluble fibre. It is obtained gravimetrically as the 

difference between ethanol/water insoluble residue and starch and NDF after correction for 

protein and ash (Hall et al., 1999). This method measurement may be affected by the 

accumulation of errors in the measurement of the different components as well as the error 

linked to the value used for protein correction (N x 6.25) (Hall, 2003; Martínez-Vallespín 

et al., 2011b). Inaccuracies in the SDF determination may arise by the partial degradation 

of carbohydrates, the incomplete extraction and/or precipitation with the addition of 

ethanol, the interference by other substances, and differences in the nature of the analysed 

feed (Hall et al., 1997). Moreover, the dietary fibre method gives priority to the elimination 

of starch (use hot buffer for gelatinization, hydrolysis and depolymerization of starch). 

Furthermore, this method uses pH values different than the physiological one in order to 

activate the enzymes. The temperature and pH used could alter the estimation of dietary 

soluble fibre (Fig. 2.3). Their values should be dictated by the gut environment and not by 

analysts (Monro, 1993). 
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Figure 2.3. Effect of pH (buffer) and temperature on extraction of soluble non starch 

polysaccharides (Personal communication Bach Knudsen, 2013). 

 

In order to obtain a dietary fibre values closer to physiological conditions the in 

vitro dry matter digestibility (ivDMd) is devised to measure dietary fibre. Its main aim is to 

remove the digestible portion of the food using enzymes and leaving the indigestible 

portions of the food, which contains the dietary fibre mimicking the digestive process 

(mainly pH and temperature). The ivDMd in rabbits was adapted from Boisen (1991) and 

developed by Ramos et al. (1992). This method allows obtaining a high correlation 

between in vivo and in vitro DM digestibility and can be reproduced within and among 

laboratories (Carabaño et al., 2008). This methodology has similar conditions of 

temperature, pH and time (step 1: pH 2, 40ºC, 1h 30m; step 2: pH 6.8, 40ºC, 3h 30m, step 

3: pH 4.5, 40ºC, 16 h) as those of the gut environment. An exception is the step 3 where 

the pH is more acid than that in the caecum (García et al., 2002). 

When the soluble fibre content is measured using enzymatic-gravimetric methods, 

it could be obtained as the difference between TDF and any measurement of insoluble 
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(IDF, the residual ivDMd 2 steps or NDF after correction for ash and protein). Finally, 

another possibility is to calculate the soluble fibre content by difference: DM-ash-protein-

fat-sugars-starch-NDF. However, the final value of soluble fibre would be seriously 

affected by the accumulation of errors. 

 

2.2.5. Digestion of fibre 

In rabbits, as in other animals, the structural polysaccharides can only be digested 

through microbial fermentation (de Blas et al., 1999). However, rabbits have not the same 

ability to utilize dietary sources of fibre as the other post gastric fermenters animals. The 

ability of rabbits to degradate fibre is lower respect to guinea pigs and horses. It is because 

the retention time of feed is lower in the digestive tract of rabbits (Slade and Hintz, 1969; 

Sakaguchi et al., 1987 and 1992; Franz et al., 2010).  

Recent works in rabbits (Trocino et al., 2010; Xiccato et al., 2011; Castillo, 2013; 

Trocino et al., 2013a) have shown that the total digestibility of TDF is on average 40%. 

The main fraction degraded of TDF is the soluble fibre (87% on average). Meanwhile, the 

fermentation of NDF is highly variable (38% on average). The high variation in the 

digestibility of NDF is due to the different degree of lignification of insoluble fibre, 

decreasing the fermented hemicelluloses with the lignification degree of the insoluble fibre 

(Trocino et al., 2013b).  

The rabbit caecum is a fermentative chamber where structural polysaccharides and 

endogenous compounds are fermented by caecal microorganisms. Anyway, the specific 

site of fibre digestion for each fibre fraction within the digestive tract is less known. 

 

Precaecal digestibility  

Relatively little is known about the small intestinal microbiota in rabbits, but 

passage rates are more rapid and microbial concentrations lower than in the large intestine, 

making it unlikely that this is a relevant site for microbial fibre degradation. The retention 

times in the different sections of digestive tract of the rabbits are: 3 to 6 h in stomach, 4 to 

9 h in small intestine, and 7 to 24 h in the caecum (Lebas, 1979; Gidenne and Poncet, 

1985; Gidenne et al., 1991; Gidenne and Perez, 1993; Gidenne, 1994). The intestinal 

microbiota in rabbits is developed in caecum (10
10 

- 10
12

 bacterial/g of digesta), proximal 

colon (10
7
 bacterial/g of digesta), and population is also found in the stomach (10

3
 - 10

5
 

bacterial/g of digesta) (Penney et al., 1986; Fonty and Gouet, 1989; Padilha et al., 1996). 
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Despite this, there is evidence that some components of dietary fibre are degraded or 

solubilized prior entering the caecum (Fig. 2.4; ileal digestion of NDF on average 15%) 

(Gidenne and Ruckebusch, 1989; Gidenne, 1992; Merino and Carabaño, 1992). 

Furthermore, uronic acid and arabinose, monomers of fibre, usually related to pectic 

substances, show the highest ileal digestibility (Fig. 2.4). These high digestibilities of 

pectic substances correspond to the presence of highly active pectinase (Fig. 2.5) in all 

segments of the rabbit digestive tract (Gidenne et al., 1991; Marounek et al., 1995). The 

presence of fibrolytic enzymes (pectinase and xylanase) in the stomach and in the small 

intestine can be explained by caecotrophy. However, the acidity of the stomach may limit 

the activity of these enzymes. But, the pectinase activity increases in the small intestine 

(Fig. 2.5: Specific activity per g of digest). The existence of a wide type of ileal microbiota 

(Gómez-Conde et al., 2007; Gómez-Conde et al., 2009) could be responsible for the 

increase concentration of fibrolytic enzymes in the small intestine.  

 
Figure 2.4. Mean apparent ileal and faecal digestibility (%) of dietary fibre in experimental 

diets, % (Gidenne, 1992; García et al., 1999; Carabaño et al., 2001). In these diets pulps 

were not included. 

 

On another hand, the negative ileal digestibility of some monomers (mainly 

galactose, Fig. 2.4) may be related to the contamination with endogenous substances. 

Galactose is a monomer usually found in intestinal mucin (Table 2.2) (Nemoto and 

Yosizawa, 1969; Mantle and Thakore, 1988). Moreover, previous results in rabbits 

(Gidenne, 1992) and pigs (Graham et al., 1986; Jorgensen et al., 1996; Wilfart et al., 2007) 

suggests poor or no degradability of TDF before the caecum according to the low or even 

negative ileal digestibility of NSP or TDF. Some of these authors explained that these 

results might be related to the presence of endogenous substances in ileal digesta. In 

ileal faecal ileal faecal ileal faecal ileal faecal ileal faecal ileal faecal ileal faecal -40
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addition, Wilfart et al. (2007) in pigs and Martínez-Vallespín et al. (2013) in rabbits have 

shown negative ileal digestibility of TDF or soluble fibre when the diets have low soluble 

polysaccharides concentration. 

 

Table 2.2. Carbohydrates profile of purified intestinal mucin of rabbits 

 

Upper small 

intestine 

Mid small 

intestine 

Distal small 

intestine 
Proximal colon 

 

(mmol, %) 

Fucose 9.5 9 9.9 10.3 

Mannose 2.1 2 1.6 1.8 

Galactose 21.6 21.9 22.7 23.7 

GlcNAc 21.9 21.1 21.1 21.1 

GalNac 28.4 29.8 29.7 20.2 

Sialic acid 16.4 16 15 22.9 

Sulphate 5.9 6.2 6.8 5.3 
Mantle and Takore, 1988. 

 

Hindgut 

The caecum is the main fermentative area in the rabbit. However, the most 

numerous groups of caecal microorganisms are non-cellulolytic bacteria (Fig. 2.6-B), 

many of which (pectinolytic and xylanolytic bacteria) possess the ability to grow on 

soluble polysaccharides that are released by the primary degraders (Boulahrouf et al., 

1991). The fibrolytic population appeared in the caecum and colon microflora between 12 

and 16 days after weaning (Fig. 2.8-A). Caecal microorganisms of rabbits preferentially 

ferment the fraction of digesta that is longest retained. This digesta is made up the shortest 

particles (<0.3 mm), the soluble fibre and some endogenous material (Björnhag, 1972; 

Gidenne, 1993). Uronic acids are the highest faecal digestible fibre fraction (65% of faecal 

digestibility; Fig. 2.4). Therefore, soluble fibre is an important source of nutrients for 

rabbits because it seems to be fermented efficiently by the microbiota of the digestive tract 

of the rabbits. 

The rabbits have a better capacity to digest the hemicelluloses than that cellulose 

(Marounek et al., 1995; Gidenne et al., 2000). However, the digestion of hemicellulose is 

highly variable, due to its direct association with lignin (Morrison, 1983; Jung and Vogel, 

1986; Trocino et al., 2013b). The negative effect of lignin on the digestion of fibre depends 

not only on lignin concentration, but also depends on lignin association with 

polysaccharides (Van Soest, 1994).  
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a. 4 week old rabbits 

 
b. 3 month old rabbits 

 

Figure 2.5: Distribution of hydrolytic activity enzymes in the digestive tract of rabbits 

(Marounek et al., 1995). 

 

Previous studies have shown that NDF digestibility increases when the level of 

soluble fibre (including sugar beet pulp) in the diet increases (Trocino et al., 2013b). The 

NDF of sugar beet pulp is easily degraded because its level of lignin is low. However, it is 

not clear if it could be also affected by a synergistic effect with soluble fibre. Previous 

works show that sugar beet pulp and wheat bran based diets increases caecal fibrolytic 

activity (Falcão-e-Cunha et al., 2004). 

 

2.2.6. Physiological effects of soluble fibre on intestinal functionality and health 

The physiological role of insoluble fibre (NDF) has been extensively reviewed in 

rabbits (Gidenne et al., 2010). 

The increase on soluble fibre is mostly based in the inclusion of sugar beet pulp in 

the diets. Some studies have reported reductions of feed intake and digestible energy when 

the level of soluble fibre increases (Trocino et al., 2010; Trocino et al., 2011). It is 
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associated with the increase of caecal weight when the level of soluble and low lignified 

insoluble fibre increase (sugar beet pulp) in the diet (Fig. 2.7), because feed intake is 

negatively correlated with the caecal weight (García et al., 2002). In this way, several 

authors studied in rabbits the increase of soluble fibre (1.6 to 22.7 % of TDF-NDF) 

maintaining the insoluble fibre around or over the recommendations (28.3 to 49.7 % as 

NDF). They found that the increase of soluble fibre (sugar beet pulp) and the relation of 

this with TDF and hemicelluloses (NDF-ADF) increase caecal acidity and relative weight 

of the caecum (Table 2.3). Thereby, when content of soluble fibre increase in rabbit diet 

the relative weight of the caecum increase and the caecal pH decrease (Fig. 2.7). These 

results are according with previous reviews (García et al., 2002; Trocino et al., 2013b) 

where in addition show the positive relation between soluble fibre and the VFAs. All these 

traits evidence that when the concentration of soluble fibre in the diet increases the 

fermentative activity in the caecum is stimulated.  

 

Figure 2.6: Establishment of cellulolytic microflora and count of cellulolytic, pectinolytic 

and xylanolytic bacteria (Boulahrouf et al., 1991).  

 

On the other hand, in rabbits 10 days after weaning, the increase of dietary soluble 

fibre increases the villous height, reduces the villous crypt depth, and increases the sucrose 

specific activity in the jejunum mucosa (Fig. 2.8). These are indicators of positive effect of 

soluble fibre on integrity and functionality of the mucosa in the small intestine (Gómez-

Conde et al., 2007; Castillo, 2013). In contrast, these changes in gut mucosa morphology 

might be age dependent as they were lower in animals at 45 d of age (Alvarez et al., 2007) 

or not observed in older rabbits (51-56 d of age) (Xiccato et al., 2008; Trocino et al., 2010; 

Trocino et al., 2011; Xiccato et al., 2011; Trocino et al., 2013a). 
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Figure 2.7. Relationship between soluble fibre and caecal pH and relative caecal weight 

(Alvarez et al., 2007; Carraro et al., 2007; Xiccato et al., 2008; Gómez-Conde et al., 2009; 

Trocino et al., 2009; Trocino et al., 2010; Rodriguez-Romero et al., 2011; Trocino et al., 

2011; Xiccato et al., 2011; Castillo, 2013; Martínez-Vallespin et al., 2013; Trocino et al., 

2013a; Jacquier et al., 2014; Maertens et al., 2014; Pascual et al., 2014). Smaller dots 

represent n = 6 and higher dots represent n = 59. 

 

The sampling site (jejunum vs. ileum), time after weaning and health status of the 

animals may also contribute to these differences. Nevertheless, in rabbits is not clear how 

the soluble fibre affects the mucosa of small intestine. Fibre may influence indirectly the 

intestinal mucosa selecting specific bacterial that modulate immunity. In human, the 

modulation of cytokines by oligosaccharides stimulated bifidobacteria was previously 

reported (Lindsay et al., 2006). Meanwhile, in rabbits Gomez-Conde et al. (2007) observed 

effect of diet (with different types an levels of fibre) on IL-2 production (CD25+ and 

CD5+CD25).  Moreover, fibre is mainly fermented in the large intestine by intestinal 

microbiota to short chain fatty acids, which may have anti-inflammatory effect through 

activation of transcription factors (Wolever et al., 1989). However, in the absence of 

microbiota and fatty acids in in vitro experiments, the immunomodulatory effect of 

oligosaccharides should be due to a direct signalling initiated by the oligosaccharides 

themselves (Lindsay et al., 2006). These effects might be related with the place where the 

fibre is solubilized or hydrolysed.  

In addition, the effect of moderate levels of soluble fibre to improve gut healt might 

be determined by the mucus production in the gut (Ito et al., 2009). Gastrointestinal mucus 

is not a single well-defined entity. This mucus is a barrier against pathogens and noxious 

substances (Bansil and Turner, 2006). The term mucus is used to include the viscous fluid 

of the intestinal lumen, which contains as its major component glycoproteins (mucin) 

synthesized and secreted by goblet cells (Strous and Dekker, 1992). These are responsible 
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for its viscous and elastic gel-like property (Mantle and Allen, 1981); and, these are 

synthesized and secreted by specialized goblet cells (Strous and Dekker, 1992).  

 

Figure 2.8. Effect of soluble fibre on villus height, crypt depth and sucrase activity of 

jejunum mucosa. The dots show the data obtained from Goméz-Conde et al., 2007 (35 d 

old rabbits); meanwhile the squares show the data obtained from Castillo, 2013 (35 and 46 

d old rabbits). 

 

The mucin is mainly formed by: carbohydrates (~80%) and protein (~20%). 

However depending on the animal their composition can change (Mantle and Thakore, 

1988; Lien et al., 1996; Piel et al., 2004; Sirotek et al., 2004). The main role of mucin is the 

protection of the gut from acidic, digestive enzymes, physical actions, and pathogens 

(Bansil and Turner, 2006). Moreover, mucin also contribute to the gel formation due to the 

presence of abundant sulphate and/or sialic acid residues on the oligosaccharides (Strous 

and Dekker, 1992) and act as a selective barrier for nutrient absorption (Forstner, 1978). 

Besides, it may represent an important quantity of endogenous N produced. In rats, fibre 

(from citrus pulp) affects both quantitative and qualitative intestinal mucin 

(Satchithanandam et al., 1990) whereas in rabbits, the physical properties (gridding barley 

and alfalfa increase the mucin ileal concentration) of the diet also affect ileal flow of 

intestinal mucin (Romero et al., 2011). There are an easily method with the use of ethanol 

to precipitate and recovering the soluble mucin (Leterme et al., 1996; Romero et al., 2011). 

However, this method has low specificity and can recover other carbohydrates present in 

the digesta content.  
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Table 2.3. Regressions
1
 between different methodologies to measure fibre and digestive 

parameters in rabbits. 

 
Dietary factor Parameter estimates

2
 Model statistics 

(Y) (X) Intercept SEMi Slope SEMs RMSE
3
 BIC

4
 P value 

C
ae

ca
l 

p
H

 

TDF
5
 6.31 0.146 -0.012 0.004 0.095 -72.9 0.005 

NDF 5.70 0.205 0.003 0.005 0.127 -62.7 0.63 

ADF 5.85 0.158 -0.003 0.008 0.121 -60.9 0.68 

ADL 5.76 0.078 0.009 0.011 0.085 -76.5 0.42 

Soluble fibre 5.98 0.061 -0.020 0.006 0.056 -95.8 0.004 

TDF-ADF 6.27 0.005 -0.020 0.005 0.082 -86.9 0.001 

TDF-ADL 6.32 0.143 -0.013 0.004 0.089 -75.0 0.003 

NDF-ADF 5.57 0.165 0.014 0.010 0.118 -62.6 0.18 

NDF-ADL 5.76 0.248 0.001 0.008 0.127 -63.1 0.90 

ADF-ADL 5.95 0.177 -0.010 0.011 0.117 -62.7 0.38 

NDF/TDF 4.87 0.174 1.14 0.198 0.077 -94.7 <0.001 

ADF/TDF 5.00 0.196 1.76 0.415 0.100 -87.3 <0.001 

ADL/TDF 5.68 0.087 1.31 0.716 0.123 -75.5 0.090 

Soluble fibre/TDF 6.01 0.064 -1.03 0.292 0.057 -105 0.003 

Soluble fibre/H
6
 5.95 0.063 -0.279 0.090 0.057 -98.6 0.008 
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TDF
5
 3.64 1.126 0.096 0.025 5.24 141 0.003 

NDF 7.16 1.524 0.024 0.043 7.48 153 0.60 

ADF 7.77 1.023 0.014 0.050 7.50 154 0.79 

ADL 8.17 0.565 -0.040 0.150 6.79 151 0.80 

Soluble fibre 5.64 0.340 0.204 0.028 2.64 114 <0.001 

TDF-ADF 3.49 0.728 0.173 0.026 3.49 125 <0.001 

TDF-ADL 2.62 1.068 0.130 0.026 4.54 134 <0.001 

NDF-ADF 6.86 1.323 0.071 0.083 7.14 150 0.41 

NDF-ADL 6.80 1.817 0.039 0.057 7.59 153 0.50 

ADF-ADL 7.68 1.441 0.024 0.092 7.50 152 0.80 

NDF/TDF 16.6 1.441 -10.9 1.840 4.02 125 <0.001 

ADF/TDF 13.7 1.350 -13.2 3.063 5.10 130 0.002 

ADL/TDF 9.20 0.656 -12.5 7.699 6.92 140 0.14 

Soluble fibre/TDF 5.17 0.517 11.4 2.036 3.41 119 <0.001 

Soluble fibre/H
6
 5.84 0.469 2.91 0.589 2.08 114 <0.001 

1
Only studies with soluble fibre measured as TDF-NDF were used (Alvarez et al., 2007; Carraro et al., 2007; 

Xiccato et al., 2008; Gómez-Conde et al., 2009; Trocino et al., 2009; Trocino et al., 2010; Rodriguez-Romero 

et al., 2011; Trocino et al., 2011; Xiccato et al., 2011; Castillo, 2013; Martínez-Vallespin et al., 2013; 

Trocino et al., 2013a; Jacquier et al., 2014; Maertens et al., 2014; Pascual et al., 2014). In the statistical 

analyses the study and interaction of dietary factor with study were considering as random effect. 
2 

SEMi and 

SEMs: Standard error of the mean of intercepts and slopes respectively. 
3 

RMSE: Root mean squared error.
 

4
BIC: Bayesian information criterion (smaller is Better). 

5
TDF: Total dietary fibre. 

6
H: Hemicellulose (NDF-

ADF) 

 

Some of the effects of soluble fibre, previously described, can be associated with 

the effect of soluble fibre on the reduction of mortality in rabbits post weaning. There are 

increasing numbers of studies of inclusion of soluble fibre and reduction of mortality 

(Trocino et al., 2013b). Despite this, other authors did not find relation between soluble 

fibre and mortality (Gidenne, 2015), maybe it is due to the type of statistical analysis 

applied to integrated the information of studies. On another hand, the sugar beet pulp is the 
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traditional raw material used to increase soluble fibre in the rabbit diets. Consequently, 

increasing the inclusion of dietary sugar beet pulp (SBP) resulted in increasing level of 

soluble fibre (Fig. 2.9) and fermentable insoluble fibre due to its low degree of lignification 

(Table 2.4). As such, the inclusions of SBP in the rabbit diets reduce the risk of mortality 

in the post weaning animals (Fig. 2.10). In addition, the level of inclusion of SBP is 

negatively related with the mortality (Fig. 2.11). However, it is no clarified if these effects 

of SBP depend only of their soluble fraction of fibre and/or their fermentable insoluble 

fraction. 

A      B 

 

Sugar beet pulp inclusion, % as fed 

Figure 2.9. Soluble fibre content as a function of the inclusion of sugar beet pulp in rabbit 

diets. Soluble fibre = 6.25 (1.04; P<0.001) + 0.224 (0.024; P<0.001)  Inclusion of sugar 

beet pulp; r
2
=0.94; number of treatments=49; number of studies=12; residual standard 

deviation (RSD) adjusted for random study effect=0.817. Means not adjusted (A) and 

adjusted (B) for study effects are shown. Legend: (◊) Perez et al., 2000; (☐) Debray et al., 

2002; (△) Gidenne et al., 2004; (*) Goméz-Conde et al., 2007;(−) Xiccato et al., 2008; (○) 

Trocino et al., 2010; (+) Xiccato et al., 2011; ( ) Martínez-Vallespin et al., 2011; ( ) 

Castillo, 2013; ( ) Trocino et al., 2013; (▲) Gidenne et al., 2013; (×) Grueso et al., 2013.  

 

2.2.7. Source of soluble fibre  

The sugar beet, citrus and apple pulps are the ingredients containing higher soluble 

fibre concentration (Table 2.4), of which pectin substances are major component (Michel 

et al., 1988). These pectin substances have a highly varied chemical composition and 

physical structure and therefore could have different physiological effects. In inoculum 

from rats and rabbits, low-methoxyl pectin was fermented faster in vivo and in vitro than 

high-methoxyl pectins (Dongowski et al., 2000; Kermauner and Lavrenčič, 2010).  

 The SBP is the more traditional source of soluble fibre used. The SBP and citrus 

pulp have the highest values of soluble fibre and the lowest values of lignin (Table 2.4).  In 
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contrast the apple pulp has the highest level of lignin of all pulps. However, the lignin is no 

linked to the fibre pulp but mainly to the seed. Therefore, it should be interesting study the 

effect of different fractions of apple pulp respect to sugar beet pulp. 

 

Table 2.4. Nutritional composition of the main sources of soluble fibre used in rabbit diets 

(g/kg DM) 

 DM Ash CP EE TDF
1
 NDF ADF ADL SF

2
 Sugar 

Beet pulp 900 72 92 10 668 428 212 18 240 60 

Citrus pulp 900 67 59 27 517 220 155 16 297 230 

Apple pulp 900 20 55 40 659 464 327 114 195 128 

Soybean hulls 900 46 122 20 702 588 426 21 114 10 

Sunflower hulls 900 34 54 40 762 693 562 202 69 10 

Wheat straw 900 61 36 12 786 750 474 80 36 13 

Alfalfa meal  900 99 153 32 586 418 326 73 168 30 

Grape seed meal 900 36 99 14 751 730 650 550 21 10 
1
TDF: Total dietary fibre estimated as TDF=DM-Ash-CP-Starch-Sugar

 

SF: Soluble fibre estimate as TDF-NDF 

Source: FEDNA 2010 and Villamide et al., 2010  

 

 

 

 

Figure 2.10. Forest plot showing the result of 7 studies examining the effectiveness of the 

level of inclusion of sugar beet pulp for preventing mortality on post weaned rabbits. The 

figure shows the relative risk of mortality in the animals fed diets with sugar beet pulp 

(SBP) versus the control group (diets without sugar beet pulp). In is represented the 

corresponding 95% confidence intervals in the individual studies and based on a random-

effects model. The level of SBP is the inclusion in the diet of sugar beet pulp.  
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A      B 

 

Sugar beet pulp inclusion, % as feed 

Figure 2.11. Mortality rate as a funtion of inclusion of sugar beet pulp in the rabbit diets. 

𝑀𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦 =
exp[−1.35(±0.269;𝑃<0.001)−0.035 (±0.002;𝑃<0.001)×𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛 𝑜𝑓 𝑆𝐵𝑃]

1+{exp[−1.35(±0.269;𝑃<0.001)−0.035 (±0.002;𝑃<0.001)×𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛 𝑜𝑓 𝑆𝐵𝑃]}
. Number of 

treatments=66; number of studies=15. Means not adjusted (A) and adjusted (B) for study 

effects are shown. Legend:() Perez et al., 2000; (○) Debray et al., 2002; () Gidenne et 

al., 2004; (▲) Soler et al., 2004; (+) Carraro et al., 2007; () Xiccato et al., 2008; () 

Gomez-Conde et al., 2009; () Trocino et al., 2009; (▲) Trocino et al., 2010; (◊) Eiben et 

al., 2011; (☐) Martínez-Vallespin et al., 2011; (△) Xiccato et al., 2011; (×) Castillo, 2013; 

(*) Gidenne et al. 2013 
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III. QUANTIFICATION OF SOLUBLE FIBRE IN FEEDSTUFFS 

FOR RABBITS AND EVALUATION OF THE INTERFERENCE 

BETWEEN THE DETERMINATIONS OF SOLUBLE FIBRE AND 

INTESTINAL MUCIN  
 

Published in: 2013 Anim. Feed Sci. Technol. 182: 61-70 

 

3.1. Introduction 

The influence of insoluble fibre, usually quantified as NDF (Mertens, 2003), on rate 

of passage and caecal fermentation has been well established in the rabbit (Gidenne, 1994; 

García et al., 2002). Soluble fibre affects caecal fermentation (Falcão-e-Cunha et al., 2004; 

Gómez-Conde et al., 2009; Rodriguez-Romero et al., 2011) and gut barrier function 

(Gómez-Conde et al., 2007) leading to lower mortality rate in rabbits (Trocino et al., 

2013b). However, there is no agreement in the method to quantify soluble fibre and the 

potential interference of soluble fibre with other substances when determining its 

digestibility (Graham et al., 1986). Soluble dietary fibre can be quantified directly (SDF) 

(Prosky et al., 1985) or by difference between total dietary fibre (TDF) and NDF (Van 

Soest et al., 1991). When these methods are used, inaccuracies are unavoidable because of 

problems such as partial degradation of carbohydrates, incomplete extraction and 

precipitation of soluble fibre with the addition of ethanol or interference with other 

fractions of the feed (Hall et al., 1997; Prosky, 1999; McCleary et al., 2010; Martínez-

Vallespín et al., 2011). Moreover, these methodologies might not evaluate correctly the 

true proportion of insoluble and soluble fibre in the digestive tract of the rabbit, because 

they prioritize the elimination of starch (utilization of hot buffers to gelatinize, hydrolyse 

and depolymerise the starch) and therefore the temperatures and pH values used are not 

within physiological ranges (Marlett et al., 1989; Monro, 1993). The two step 

pepsin/pancreatin in vitro dry matter indigestibility (corrected for ash and protein, ivDMi2) 

can be used to measure the insoluble fibre content of ingredients under more physiological 

conditions. For example, the validated in vitro digestion proposed by Carabaño et al. 

(2008) to simulate small intestine digestion uses temperatures, pH and time similar than 

those existing in the rabbit gut. When the in vitro method is used the filtration step of the 

digested fractions is done using crucibles. However, it has been shown that the use of the 

ankom technology would simplify this technique as has been shown previously for NDF 

and ADF and other in vitro methodologies (Komarek et al., 1994; Fay et al., 2005).  
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The quantification of TDF and soluble fibre in ileal digesta or faeces might be 

affected by the contamination with endogenous substances (Wilfart et al., 2007), like 

mucin, an endogenous glycoprotein mostly constituted by carbohydrates (>700 g/kg) 

(Mantle and Thakore, 1988) that covers the mucosa and resistant to digestion. Mucin is 

precipitated in ethanol, as occurs with soluble fibre, and it may result in a lower apparent 

ileal and faecal TDF and soluble fibre digestibility compared to the real one or even in 

negative digestibility values (Graham et al., 1986; Gidenne, 1992). Likewise, 

determination of crude mucin content in the digesta, by ethanol precipitation (Lien et al., 

1997; Leterme et al., 1998; Piel et al., 2004; Libao-Mercado and de Lange, 2007), may be 

overestimated due to the lack of specificity as the residue may be contaminated with 

proteins and soluble fibre (Mañas and Saura-Calixto, 1993; Leterme et al., 1996). 

The aim of this work was to confirm whether the quantification of soluble fibre 

using methods with different chemical and in vitro approaches renders similar results when 

using different fibrous ingredients and diets for rabbits. A second objective was to study 

the potential interference between soluble fibre and intestinal mucin determinations.  

 

3.2. Materials and methods 

 

3.2.1. Experiment 1 

Seven rabbit diets and six ingredients were selected based on their soluble, 

insoluble and total dietary fibre and used to compare the accuracy of quantifying soluble 

and insoluble fibre content using different methodologies. The diets were based on sources 

of fibre currently used in rabbit feeds, whereas the ingredients were chosen to increase the 

range of variation of TDF. The ingredients used were wheat straw (Pagran, PITE S.A., 

Tordesillas, Spain), sunflower hulls (SOS Cuétara, Andújar, Spain), lignocellulose 

(Arbocel RC fine, Rettenmaier Ibérica S.L., Barcelona, Spain), sugar beet pulp (SBP, 

Fipec, Nordic Sugar, Copenhagen, Denmark), SBP pectins (Betapec RU 301, Herbstreith 

& Fox, Neuenbürg, Germany) and insoluble SBP. The latter ingredient was obtained by 

boiling SBP in a solution (13.5 L water with 0.4 kg sodium alkyl sulphate and 100 g 

EDTA per kg SBP) with a pH value of 7 (adjusted with NaOH) for 1 h. Afterwards, the 

mixture was filtered through nylon tissue (46 µm pore), washed with water overnight at 

room temperature to remove only the soluble constituents, dried at 70 ºC and ground. 

Additionally, seven rabbit diets were used in the present study. Four of the diets contained 

330 g aNDFom/kg DM and 161 g crude protein (CP)/kg DM. The control diet contained 
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360 g wheat starch, 154 g casein, with 180 g wheat straw and 180 g sunflower hulls per kg. 

A second diet was obtained by substituting 60 g of starch of the control diet by SBP 

pectins. Two more diets were obtained by substituting part of the fibrous sources (0.4) of 

the control diet by either SBP or by the insoluble SBP fibre, respectively. Another three 

diets contained 341 g aNDFom and 199 g CP/kg DM (Gómez-Conde et al., 2007) and 

were obtained by substituting part of the alfalfa hay by oat hulls and soybean protein 

concentrate or a mixture of SBP and apple pulp. Ingredients and diets were analysed for 

TDF and insoluble dietary fibre (IDF), SDF, aNDFom corrected for CP (aNDFom-cp), 

ivDMi2 and 3-step pepsin/pancreatin/viscozyme in vitro DM indigestibility (ivDMi3 

corrected for ash and CP). In ingredients and diets a total of 16 determinations were 

conducted for ivDMi2 and ivDMi3, six determinations for TDF, IDF and aNDFom-cp, and 

two determinations for SDF. Soluble fibre was also estimated as TDF-IDF (SDFIDF), as 

TDF-ivDMi2 (SDFivDMi2), and as TDF-aNDFom-cp (SDFaNDFom-cp). The ivDMi3 was used 

to estimate the soluble and fermentable fibre as TDF-ivDMi3 (SFFivDMi3). 

 

3.2.2. Experiment 2 

A simplified procedure of the ivDMi2 and ivDMi3 methods used to estimate 

insoluble fibre was studied. The reference method of filtering in crucibles (Carabaño et al., 

2008) was compared with the use of individual or collective ankom bags. Four diets 

(control, and SBP pectin, SBP and insoluble SBP containing diets) and six ingredients 

(lignocellulose, SBP pectin, SBP, insoluble SBP, sunflower hulls and wheat straw) were 

used. The determinations of ivDMi2 and ivDMi3 were conducted at four different times. 

At each time the crucibles (conducted in duplicate for each ingredient, diet and time) and 

the individual (conducted in duplicate for each ingredient, diet and time) and collective 

ankom bags (1 jar including two bags/ingredient and time) methods were conducted 

simultaneously.  

 

3.2.3. Experiment 3 

The potential interference between soluble fibre and crude mucin determinations 

(both are quantified by precipitation in ethanol) was studied to clarify whether it could 

affect the determination of soluble fibre and TDF digestibility. Raw mucus, free of digesta, 

obtained from jejunum of a rabbit affected of epizootic rabbit enteropathy (Licois et al., 

2006) was chosen as a reference because the lack of a standard crude mucin from rabbit. 

Raw mucus was analyzed for TDF and compared to TDF content of SBP pectins treated or 
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not with pectinase (with no correction for ash and protein). Apparent crude mucin was 

determined in raw mucus, ileal digesta and faeces of adult rabbit, and three ingredients free 

of crude mucin (SBP pectins, SBP and lignocellulose). After crude mucin analysis the 

residue obtained from each sample was treated enzymatically with a pectinase (Sigma 

P2401, St. Louis, USA) to eliminate potential contamination of mucin with soluble fibre. 

All determinations were performed in triplicate. 

 

3.2.4. Chemical analysis 

All samples were ground at 1 mm. The general analysis procedures of the AOAC  

(2000) were used to determine the concentrations of DM (method 934.01), ash (method 

942.05) and CP (method 968.06. Dumas method), TDF (method 985.29), IDF (method 

991.42) and SDF (method 993.19). Samples were filtered without any celite to facilitate N-

Dumas determination. For TDF, IDF and SDF determinations 1 g sample were used and 

values were corrected for ash and CP content. In SBP pectins was also determined a 

modified TDF by adding before the final precipitation with ethanol 10 units of pectinase 

(overnight at pH 4.5 at 25 °C; Sigma P2401, St. Louis, USA). The NDF was determined in 

0.5 g of sample according to the method exposed by Mertens et al. (2002) using the filter 

bag system ankom technology, and a thermo-stable amylase without sodium sulphite 

added. Total aNDF content was corrected for CP and ash (aNDFom-cp) as indicated for 

IDF determination. The ivDMi2 and ivDMi3 were performed as indicated by Carabaño et 

al. (2008), in which the indigestible residue was also corrected for CP and ash. These 

determinations estimate the dietary insoluble fibre (ivDMi2) and the in vitro insoluble and 

no fermentable fibre (ivDMi3). The method was modified by using ankom filter bags 

rather than crucibles to facilitate sample filtering. Samples (0.5 g) were weighed in filter 

ankom
 
bags and put on a Daisy

II
 incubator jar (3.5 L and 30 filter bags/jar). Once digested, 

bags were washed three times with distilled water (the first one for 30 min at 40 ºC with 

agitation), followed with ethanol and acetone to avoid the adherence of any residue outside 

the bag. Finally, the bags were dried at 103 ºC for 24 h. Two bags without any sample were 

used as blanks in each jar.  

Crude mucin was determined using the ethanol precipitation method as indicated by 

Lien et al. (1997) and adapted by Romero et al. (2011) using 1 g sample. The crude mucin 

residue is mainly composed of raw mucus, contaminated by non-covalently bound proteins 

(Leterme et al., 1996). To remove the soluble fibre retained in the mucin residue 10 mL of 

phosphate buffer at 25 ºC with 10 units of pectinase (Sigma P2401, St. Louis, USA; One 
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unit liberates 1.0 μmol of galacturonic acid from polygalacturonic acid/min at pH 4.0 at 25 

°C) were added and incubated overnight. Then 15 ml of absolute ethanol was added to 

precipitate again crude mucin that was recovered by centrifugation at 1400 × g at 4 ºC for 

10 min. The supernatant was eliminated and the residue was dried overnight at 60 ºC.  

 

3.2.5. Statistical analyses 

In experiment 1, results for TDF, insoluble and soluble fibres are presented as 

average values with a pooled standard deviation of the determinations. The main effect of 

method, on insoluble and soluble fibre determinations, was analysed by using a mixed 

model including the sample as a random effect and considering all ingredients and diets as 

replicates (n = 13). Mean values were compared using a test of Bonferroni. Linear 

regressions between all measurements of insoluble and soluble fibre were determined and 

the slopes tested if they were different from 1.0 using a t-test. In experiment 2, the results 

obtained for ivDMi2 and ivDMi3 (obtained with crucibles vs. single Ankom bags, or 

crucibles vs. collective Ankom bags) were analysed with a mixed model that included as 

main effects the method (crucible vs. Ankom bags) and the feedstuff used. In this model, 

batch of analysis was considered a random effect. In experiment 3 results are presented as 

average values with their coefficient of variation. Statistical models were analysed using 

InfoStat according to Di Rienzo (Di Rienzo et al., 2012).  

 

3.3. Results 

3.3.1. Experiment 1 

The TDF content of diets and ingredients varied from 344 (control diet) to 959 

(lignocellulose) g/kg DM (Table 3.1). Independently of the method used, determination of 

insoluble fibre was minimal for SBP pectins and maximal for lignocellulose (10.4 and 937 

g/kg DM on average), whereas the opposite results were observed for soluble fibre (924 vs. 

16.4 g/kg DM, respectively; Table 3.1). Insoluble fibre values, considering each diet and 

ingredient as a replicate, determined with aNDFom-cp methodology was 8% lower than 

that measured with ivDMi2 (443 vs. 481 g/kg DM, P < 0.05), whereas the value obtained 

with IDF was intermediate and did not differ (P > 0.05) from aNDFom-cp and ivDMi2 

(Table 3.2). Correlation between methods used to estimate insoluble fibre varied between 

0.97 and 0.99 (P < 0.001; n = 13; Fig. 3.1), and all the slopes of regressions between the 

three different determinations of insoluble fibre were not different from 1.0. Moreover, the 

values of the 13 feedstuffs were as average lower for ivDMi3 than for aNDFom-cp (361 vs. 
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443 g/kg DM, P < 0.001, Table 3.1). The correlations between ivDMi3 of the 13 feedstuffs 

and insoluble fibre determinations (IDF, ivDMi2 and aNDFom-cp) were high (r = 0.81-

0.88; P ≤ 0.001). 

 
Fig. 3.1. Relationship between the different methodologies to quantify insoluble fibre using 

7 rabbits diets and 6 ingredients (n = 13) [insoluble dietary fibre (IDF), amylase neutral 

detergent fibre (aNDFom-cp), and 2-step in vitro dry matter indigestibility (ivDMi2), all 

corrected for ash and crude protein]. All slopes were not different from 1.0 (P ≥ 0.21). 

(A) ---- ○● ivDMi2   = - 8.3 (±15.6) + 1.04 (±0.03) IDF, r = 0.99, rsd = 27.1, and      △ 

aNDFom-cp = - 12.2 (±26.7) + 0.97 (±0.05) IDF, r 
 
= 0.98, rsd = 46.6. 

(B) ---- ○●  ivDMi2 = 22.9 (±38.8) + 1.04 (±0.07) aNDFom-cp, r = 0.97,  rsd = 69.8, and  - ◊ 

IDF = 25.5 (±26.4) + 1.00 (±0.05) aNDFom-cp, r = 0.98, rsd = 47.4.  

 

The quantification of soluble fibre determined directly (SDF) and by difference as 

SDFivDMi2 did not differ (109 g/kg DM, on average; P > 0.05; Table 3.2). However, the 

value was a 40% higher (153 g/kg DM; P < 0.05) when calculated as SDFaNDFom-cp than the 

average of these two procedures. The quantification of soluble fibre by difference as 

SDFIDF did not differ (P > 0.05) from any of the other methods. The correlations between 

methods of soluble fibre estimation (SDF, SDFIDF, SDFivDMi2 and SDFaNDFom-cp) of the 13 

feedstuffs were also high (r ≥ 0.96; P ≤ 0.001; Fig. 3.2A). However, when SBP pectin was 

not included in the model the r values were reduced (n = 12; r = 0.75 and 0.83 for SDF 

with SDFaNDFom-cp and SDFivDMi2, respectively; P ≤ 0.005. Fig. 3.2B) and even disappeared 

(between SDFaNDFom-cp and SDFivDMi2; Fig. not shown). When SBP was also excluded from 

the model (only feedstuffs with common soluble fibre content used), the correlation 

between methods remained high (0.84-0.93; Fig. 3.2C and 3.2D), with slopes not different 

from 1.0 (except between SDF and SDFIDF; Fig. 3.2C).  
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Table 3.1. Total (TDF), insoluble and soluble dietary fibre of experimental diets and ingredients using different methodologies (g/kg DM. Experiment 1).
a
 

Item Diets Ingredients 
Pooled 

standard 

deviation   Control Pectin SBP 
Insoluble 

SBP
b
 

Oat 

hulls 

Dehydrated 

alfalfa 

Beet -

apple 

pulp 

 SBP 

pectin 

Sugar 

beet 

pulp 

Insoluble 

SBP 

Ligno 

cellulos

e 

Sunflower 

hulls 

Wheat 

Straw 

TDF 344 398 400 354 414 409 435 934 646 805 959 841 785 7.96 

Insoluble fibre 

IDF 327 322 349 330 336 309 304 10.7 541 782 944 810 747 5.05 

ivDMi2 336 335 363 343 294 280 302 14.1 610 809 946 831 792 10.6 

aNDFom-cp 314 315 318 312 329 307 289 6.4 369 733 922 793 748 8.75 

ivDMi3
c
 306 295 259 241 295 252 207 7.8 167 265 907 748 744 11.1 

Soluble dietary fibre 

SDF 14.5 23.4 24.9 8.9 54.1 66.8 96 922 106 23.2 1.9 32 -7.2 7.53 

SDFIDF
d
 16.9 74.9 51.3 23.2 78.2 99.6 131 924 106 23.1 14.4 30.4 38.4 9.84 

SDFivDMi2
e
 7.8 62.8 36.3 11.2 120 129 133 920 36.3 -3.6 12.7 10 -6.8 13.7 

SDFaNDFom-cp
f
 30.3 82 82.3 42.2 85.4 102 146 928 278 72.7 36.7 48 37.2 12.9 

SFFivDMi3
g
 38.1 103 141 113 119 157 228 926 479 540 52.2 93.1 41.1 14.4 

 a
 Number of determinations for each analysis: 16 for 2- and 3-step in vitro DM indigestibility (ivDMi2 and ivDMi3, respectively), six for TDF, six for insoluble dietary fibre (IDF), 

six for neutral detergent fibre (aNDFom-cp) and two for soluble dietary fibre (SDF). All these values were corrected by ash and protein. 
b
 SBP: sugar beet pulp. 

c
 Three-step in vitro insoluble and non-fermentable fibre. 

d
 SDFIDF = TDF – IDF. 

e
 SDFivDMi2 = TDF – ivDMi2. 

f
 SDFaNDFom-cp = TDF – aNDFom-cp. 

g
 SFFivDMi3 = TDF – ivDMi3: In vitro soluble and fermentable fibre. 
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Fig. 3.2. Relationship between the different methodologies to quantify soluble fibre using 7 

rabbit diets and 6 ingredients (A, n = 13), excluding sugar beet pulp (SBP) pectins (B, n = 

12) or SBP pectins and SBP (C and D, n = 11) [soluble dietary fibre (SDF, direct analysis), 

or by difference as TDF – aNDFom-cp (SDFaNDFom-cp), and TDF – ivDMi2 (SDFivDMi2,), all 

corrected by ash and crude protein]. All slopes were not different from 1(P > 0.15) unless 

indicated below. 

(A)         △ SDFaNDFom-cp = 30.3 (±14.8) + 0.98 (±0.06) SDFIDF, r = 0.98, rsd = 47.2, ---- ○● 

SDFivDM2 = -12.4 (±9.3) + 1.01 (±0.04) SDFIDF, r = 0.99, rsd = 29.5,         SDF = -20.8 (±5.9) + 

1.02 (±0.02) SDFIDF, r = 0.99, rsd = 18.8.  

(B)         △ SDFaNDFom-cp = 11.7(±24.7) + 1.31 (±0.36) SDFIDF, r
 
= 0.75, rsd = 47.4, ---- ○● 

SDFivDMi2  = -17.9( ±16.1) + 1.11 (±0.23) SDFIDF, r
 
= 0.83, rsd = 30.7,         SDF = -9.3 (±9.2) + 

0.81 (±0.13) SDFIDF,  R
2 
= 0.88, rsd = 17.7.   

(C)         △ SDFaNDFom-cp = 24.5 (±7.3) + 0.85 (±0.11) SDFIDF, r
 
= 0.93,  rsd = 13.8, ---- ○●  

SDFivDMi2 = -24.3( ±11.5) + 1.34 (±0.18) SDFIDF, r
 
= 0.93, rsd = 21.7, P = 0.085,          SDF = -

6.4 (±7.9) + 0.70 (±0.12) SDFIDF, r
 
= 0.88, rsd = 14.9, P = 0.029 

(D)         ○● SDFivDMi2 = -46.1 (±21.7) + 1.33 (±0.28) SDFaNDFom-cp, r
 
= 0.85, rsd = 31.0,         

SDF = -23.9 (±9.4) + 0.79 (±0.12) SDFaNDFom-cp, r
 
= 0.91, rsd = 13.4, P = 0.094, ---- ◊  SDFIDF   = 

-17.4 (±10.5) + 1.01 (±0.14) SDFaNDFom-cp, r
 
= 0.93, rsd = 15.1.  
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Table 3.2. Comparison of the different methodologies used to determine soluble and 

insoluble fibre considering each feedstuff (7 rabbit diets and 6 ingredients) as a replicate (n 

= 13).
 a

 

Item
 

Mean value, 

g/kg DM
b 

rsd P-value 

Insoluble fibre 

  Insoluble dietary fibre (IDF)
 

        470
AB

 35.2 0.029 

  Two-step in vitro DM indigestibility (ivDMi2)         481
B
   

  Neutral detergent fibre (aNDFom-cp)         443
A
   

Soluble fibre    

  Soluble dietary fibre (SDF)          105
b
 30.2 0.002 

  TDF
c
 - IDF (SDFIDF)         124

a,b
   

  TDF - ivDMi2 (SDFivDMi2)         113
b
   

  TDF - aNDFom-cp (SDFaNDFom-cp)         152
a
   

a 
Individual values of replicates are shown in Table 3.1.

 b 
Mean values in the same column with a different 

superscript differ (P < 0.05). 
c
 TDF: Total dietary fibre.

 

 

3.3.2. Experiment 2 

There were no differences for 2- and 3-step ivDMi when using crucibles or 

individual ankom bags, although differences among feedstuffs were significant (P < 0.001; 

Table 3.3). There were also no differences for ivDMi2 when used crucibles or collective 

ankom bags, but ivDMi3 was 1.5% higher when using collective bags than crucibles (P < 

0.001), and differences among feedstuffs were also significant (P < 0.001). Correlations 

obtained for ivDMi2 and ivDMi3 using crucibles or ankom bags, either in single or 

collective digestions, were very high in all cases (r ≥ 0.997; P < 0.001).  

 

3.3.3. Experiment 3 

The apparent crude mucin content in feedstuffs was important in SBP pectins and 

SBP diet (709 and 50.1 g/kg DM, respectively; Table 3.4). The apparent crude mucin 

content of raw mucus from rabbit jejunum was 739 g/kg DM, whereas that of rabbit ileal 

digesta and faeces was 86.4 and 10.7% g/kg DM. Protein content of ileal and faecal mucin 

were 243 and 217 g/kg DM, respectively. When the apparent crude mucin residue, 

obtained after precipitation with ethanol, was treated with pectinase, soluble fibre was 

removed and the proportion of crude mucin recovered from SBP pectins and SBP were 

almost nihil (0.0025 and 0.0033, respectively), whereas that of rabbit raw mucus was not 

modified. The treatment of the apparent crude mucin residue with pectinase reduced the 

crude mucin content in ileal digesta by 14% (Table 3.4), whereas that of faeces decreased 

by 4%. The TDF content for rabbit intestinal raw mucus was positive and high (571±36 
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g/kg DM), whereas TDF for SBP pectins was 994±4.0 g/kg DM or 34.6±8.1 g/kg DM 

when pectinase was used in TDF analysis (values no corrected for ash and protein). 

 

Table 3.3. Effect of the conventional method of filtering with crucibles and the use of ankom
 

bags (individual, i-bag vs. collective bags, c-bag) in the determination of 2- and 3-step in vitro 

dry matter indigestibility (ivDMi2, ivDMi3, respectively) for rabbits (Experiment 2).
a
 

 

ivDMi2 ivDMi3 ivDMi2 ivDMi3 

Crucible i-bag Crucible i-bag Crucible c-bag Crucible c-bag 

Diets 
        

 Control 0.324 0.323 0.305 0.284 0.331 0.328 0.311 0.302 

 Pectin 0.327 0.331 0.282 0.273 0.322 0.330 0.293 0.280 

 Sugar beet pulp 0.361 0.352 0.264 0.273 0.357 0.380 0.263 0.273 

 Insoluble sugar beet pulp 0.331 0.321 0.242 0.241 0.335 0.322 0.246 0.243 

Ingredients 

    
    

 Lignocellulose 0.951 0.936 0.918 0.925 0.942 0.951 0.909 0.926 

Sugar beet pulp pectins 0.012 0.019 0.007 0.001 0.017 0.014 0.008 0.001 

 Sugar beet pulp 0.603 0.604 0.166 0.191 0.600 0.598 0.165 0.188 

 Insoluble sugar beet pulp 0.802 0.784 0.267 0.266 0.803 0.780 0.246 0.243 

 Sunflower hulls
b 

- - - - 0.822 0.845 0.742 0.769 

 Wheat straw
b 

- - - - 0.783 0.786 0.739 0.759 

Mean value of method 0.464 0.459 0.306 0.307 0.531 0.533 0.392 0.398 

rsd 0.018 0.010 0.013 0.009 

Pmethod NS
c 

NS NS <0.001 

Pfeedstuff <0.001 <0.001 <0.001 <0.001 
a 
Eight determinations for each analysis performed at four different times (in duplicated in each time), and at 

each time the reference method of filtering in crucibles and the method with individual and collective ankom 

bags (collective: 1 jar including two bags/feedstuff in each time) were performed. 
b 

Values of sunflower hulls 

and wheat straw were excluded due to analytical problems with i-bag samples.
 c 

NS: not significant (P > 

0.05). 

 

Table 3.4 

Determination of apparent crude mucin content by ethanol precipitation method and its 

value once treated with pectinase (Experiment 3).
a
 

Samples 
Crude mucin 

(g/kg DM) 

CV 

(%) 

Crude mucin after 

pectinase treatment 

(g/kg DM) 

CV (%) 

Rabbit intestinal raw mucus
b
   739     7.11     726     6.94 

Rabbit ileal content     86.4   14.9       74.6   13.3 

Rabbit faeces     10.7   17.1       10.3   20.2 

Sugar beet pulp pectins   709     9.94         1.77
 

  19.5 

Sugar beet pulp diet     50.1   11.3         0.16   18.5 

Lignocellulose
 

      5.52   16.6         —
c
     — 

a 
In triplicate. 

b 
Raw mucus from rabbit jejunum. 

c 
Not determined due to the small amount of residue 

available. 

 

3.4. Discussion 

The quantification of soluble fibre depends on the method used to determine it, 

showing SDFaNDFom-cp the highest value. The differences observed might be accounted for 
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the different analytical conditions used in extraction procedures (mainly temperature, but 

also pH and reagents) to remove starch and protein in each method (Marlett et al., 1989; 

Monro, 1993). This is especially important in pectin rich feedstuffs, like SBP, where the 

use of boiling NDF solution (containing EDTA, a chelating agent of calcium bound in 

pectin complexes) led to solubilisation of a higher amount of substances than for ivDMi2 

(278 vs. 36.3 g/kg DM, respectively; Fig. 3.2B), where the temperature was 40 °C. The use 

of SDFIDF reported intermediate figures between SDFaNDFom-cp and SDFivDMi2 but not 

different from each of them. This result might be explained by the use for SDFIDF of the 

same temperature (100 °C for starch gelatinization) than for SDFaNDFom-cp, but for a shorter 

time (20 vs. 60 min) and without EDTA. On the opposite, the temperature used for SDFIDF 

were higher than for SDFivDMi2 (first 100 and after 60 °C vs. 40 °C, respectively). A 

temperature of 100 °C has been related to the β-elimination of polygalacturonic acids 

during extraction, especially in SBP (Albersheim et al., 1960; Bach Knudsen, 1997). These 

differences in the quantification of soluble fibre were more clearly shown when a lower 

and more narrow and usual range of variation of soluble fibre content in feedstuffs for 

rabbits was used (excluding SBP pectin and SBP; Fig. 3.2C and D). The results of the 

current work do not allow to recommend any of the methods employed, because this 

decision does not only depend on the accuracy of chemical extraction but also on their 

correlation with the physiological traits. The use of the in vitro method where conditions 

were close to those observed in vivo would be more appropriated according to Monro 

(1993), as it would be expected to be better correlated to the physiological response, 

although this hypothesis must be confirmed. 

In the current study, no or negligible differences in vitro DM indigestibility were 

detected when crucibles or ankom bags (both in single or collective digestion) were used. 

In fact, the correlations obtained were higher (0.99) than those reported by Vogel et al. 

(1999) when studied the in vitro DM digestibility of forages for ruminants (0.92). These 

authors reported higher in vitro digestibility when using ankom bags than when using 

crucibles (0.602 vs. 0.563, respectively), whereas in the current study this difference was 

much lower. The differences in ivDMi3 between the use of ankom collective bags or 

crucibles might be accounted for their ability to be washed (Vogel et al., 1999; Adesogan, 

2005).  

In the present work, contents of apparent crude mucin and TDF in intestinal raw 

mucus and SBP pectins were high, because the use of ethanol in both methodologies led to 

precipitate soluble fibre and intestinal mucin. This might affect the determination of the 
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digestibility of soluble fibre and TDF, as suggested by Wilfart et al. (2007), and the 

quantification of crude mucin content. An alternative to improve the quantification of 

intestinal crude mucin content free of soluble fibre would be to remove this constituent 

from the residue using a pectinase.  Our result showed that this method worked with rabbit 

jejunal raw mucus that resisted pectinase treatment, whereas this enzyme hydrolysed and 

solubilised soluble fibre. The treatment with pectinase of the crude mucin residue obtained 

from the ileal digesta allowed the elimination of the contamination with soluble fibre, 

according to the specificity of the enzyme used. This is a simple purification method for 

intestinal crude mucin that might be used to correct values of digestibility of TDF and 

soluble fibre, although the possibility of protein contamination remains (Devaraj et al., 

1992; Leterme et al., 1996; Libao-Mercado and de Lange, 2007). For this reason, the 

correction should be done using only the mucin carbohydrate fraction that can be obtained 

subtracting from crude mucin its protein content. 

In contrast, the contamination with mucin of TDF and soluble fibre determined in the 

digesta is difficult to solve, as there is no commercial mucinase available to remove mucin 

specifically. The easier option to obtain a more accurate value of digestibility of soluble 

fibre and TDF might be to do a correction using the mucin carbohydrates content of 

digesta retained in TDF residue. The mucin carbohydrates retained in the ileal and faecal 

TDF might be estimated as: 

Corrected digesta TDF (g/kg DM) = Digesta TDF (g/kg DM) – Mucus TDF (g/kg DM),  

where TDF from intestinal mucus (free of protein) is calculated as: 

Mucus TDF (g/kg DM) = Mucus proportion in digesta (g/kg DM) x 0.571, 

where 0.571 is the proportion of TDF in raw intestinal mucus (see results of Experiment 

3), and mucus proportion in digesta is calculate as: 

𝑀𝑢𝑐𝑢𝑠 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑖𝑛 𝑑𝑖𝑔𝑒𝑠𝑡𝑎 (
𝑔

𝑘𝑔
𝐷𝑀) =

𝐶𝑟𝑢𝑑𝑒 𝑚𝑢𝑐𝑖𝑛 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑖𝑛 𝑑𝑖𝑔𝑒𝑠𝑡𝑎 (
𝑔

𝑘𝑔
𝐷𝑀)

0.739
 

where 0.739 is the crude mucin content of raw intestinal mucus ( see Table 3.4). In 

addition the protein content of crude mucin must be discounted to estimate the mucin 

carbohydrate fraction. 

According to these results further studies are warranted to evaluate precisely the 

potential impact of intestinal mucin on digestibility of TDF and soluble fibre in rabbits. 
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5. Conclusions 

The estimation of soluble fibre contents of the feedstuffs tested depended on the 

method used. The election of the method will require additional studies to determine which 

one is better correlated with the animal response. The contamination of crude mucin 

determination with soluble fibre in the ethanol precipitation method can be corrected by 

using a pectinase to remove soluble fibre. An estimation of the crude mucin carbohydrates 

retained in TDF is proposed to correct TDF and soluble fibre digestibility. 
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IV. EFFECT OF TYPE OF FIBRE, SITE OF FERMENTATION, 

AND METHOD OF ANALYSIS ON DIGESTIBILITY OF SOLUBLE 

AND INSOLUBLE FIBRE IN RABBITS  
 

Published in: J. Anim. Sci. 2015. 93: 6: 2860-2871. 

 

 

4.1. Introduction 

Soluble fibre is not usually measured in rabbit diets in spite of its positive effect on 

rabbit health (Trocino et al., 2013b). This circumstance is explained by the higher 

complexity of the available methodology for soluble fibre compared with that of insoluble 

fibre and the lack of agreement on the adequate methods, because most of the methods do 

not resemble physiological conditions (Monro, 1993). Soluble dietary fibre can be 

determined as the difference between total dietary fibre (TDF) and the insoluble fibre (Van 

Soest et al., 1991). The soluble fibre calculated as the difference between TDF and NDF 

(TDF-NDF) is commonly used (Xiccato et al., 2012), but this value is higher than the value 

obtained from other methods (Abad et al., 2013 – Chapter 3). 

The benefit of soluble fibre on rabbit health might be related to the improvement of 

gut barrier function in the small intestine and the fermentability of this fraction along the 

digestive tract (Trocino et al., 2013b). Therefore, the determination of the ileal and caecal 

digestibility of soluble fibre would be of interest. Furthermore, the nutritional meaning of 

each method for soluble fibre determination might be different and worthy of being 

clarified. Previous results in rabbits (Gidenne, 1992) and pigs (Jørgensen et al., 1996; 

Wilfart et al., 2007) reported poor degradability of plant cell walls before the caecum 

according to their low or even negative ileal digestibility. These results might be related to 

the presence of endogenous carbohydrates in ileal digesta that would be recovered in TDF 

analysis. Abad et al. (2013) reported that intestinal mucin are partially retained in the TDF 

residue, leading to an overestimation of ileal TDF content, and proposed a simple 

correction. 

The aim of this work was to identify the effects of the type of fibre (low, medium, 

and high soluble fibre level), site of fermentation, method to quantify insoluble and soluble 

fibre, and correction of the intestinal soluble fibre content for intestinal mucin on the 

digestibility of fibre fractions in rabbits. 
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4.2. Materials and methods 

 

4.2.1. Diets 

Three diets with different soluble fibre content (determined as the difference 

between TDF and NDF) were formulated (Table 1). The low soluble fibre (LSF), medium 

soluble fibre (MSF), and high soluble fibre (HSF) diets contained 85, 102, and 145 g/kg of 

soluble fibre (on DM basis), respectively. The MSF diet had dehydrated alfalfa as the main 

source of fibre. The other 2 diets were formulated by replacing half of the dehydrated 

alfalfa used in the MSF diet by a mixture of beet and apple pulp (75:25; HSF diet) or by a 

combination of oat hulls and soya bean protein concentrate (Soycomil P-economy; Loders 

Croklaan, Wormerveer, The Netherlands; 88:12; LSF diet). These 3 diets were formulated 

to contain 12.5 MJ DE/kg DM and 12 g digestible CP/MJ DE according to the nutrient 

requirements of breeding does (de Blas and Mateos, 2010). They also had similar levels of 

starch and CP and TDF, which ranged from 409 to 425 g/kg DM (Table 1).  Additionally, 

they contained robenidine hydrochloride (Cycostat; Zoetis, Paris, France) and 5 g/kg of 

alfalfa meal labelled with Yb2O3 as indigestible marker (Uden et al., 1980).  

 

4.2.2. Animals and Housing 

Thirty New Zealand White × Californian rabbit does weighing 4,555 ± 63 g were 

surgically fitted with a glass T-cannula at the ileum, 10 to 15 cm before the ileocecocolic 

junction, according to the procedure described by Gidenne et al. (Gidenne et al., 1988) and 

in compliance with the Spanish guidelines for the care and use of animals in research 

(Spanish Royal Decree 1201/2005; BOE, 2005). After 6 wk of recovery, rabbits reached 

their previous level of feed intake and were ready to begin the trial. Animals were 

individually housed in wire metabolism cages measuring 405 by 510 by 320 mm that 

allowed feces collection. Rabbits had always ad libitum access to feed and water. The 

housing conditions were controlled during the whole experimental period as follows: a 12 

h light:dark cycle was established, the light was switched on at 0730 h, and temperature 

was kept between 15 and 24ºC by heating and cooling systems combined with continuous 

forced ventilation.  

 

 

 

http://www.sciencedirect.com/science/article/pii/S1871141309001723#tbl1
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Table 4.1. Ingredient and chemical composition of experimental diets (low soluble fibre, 

medium soluble fibre, or high soluble fibre diet) 

Item Type of fibre
1
 

Low soluble Medium 

soluble 

High soluble 
Ingredient, g/kg as fed basis    

Dehydrated alfalfa          139          283          139 
Oat hulls          147 – – 
Beet pulp –            23          150 
Apple pulp – –            50 
Soybean meal concentrate            20 – – 
Boiled wheat          323          323          323 
Wheat bran            84            84            84 
Sunflower meal            71            71            71 
Soybean meal          111          111          111 
Sunflower hulls            44            60            44 
Lard            33            23              5.0 
Dehydrated alfalfa mordanced with Yb             5.0              5.0              5.0 
L-Lysine HCL              4.5              4.0              4.5 
DL-methionine              1.0              1.0              1.0 
L-threonine              1.5              1.0              1.5 
Sodium chloride              5.0              6.0              4.0 
Calcium oxide              6.0 –              2.0 
Mineral/vitamin premix

2
              5.0              5.0              5.0 

Analysed chemical composition, g/kg DM
 

   
DM          918          914          917 
Ash            65.4            71.0            67.2 
CP          199          203          197 
CP-TDF

2
            52.1            53.0            40.2 

CP-IDF
3
            24.0            22.1            17.4 

CP- NDF
4
            34.4            42.0            37.2 

CP- in vitro insoluble fibre
5
            51.2            52.0            38.4 

Ether extract            59.1            55.3            37.4 
Starch          211          208          205 
TDF          414          409          435 
Insoluble fibre    

IDF          336          309          304 
aNDFom          363          349          327 
aNDFom-cp          329          307          290 
In vitro insoluble fibre          318          309          302 
ADFom

6
          162          164          169 

ADLom
7
            39.2            47.1            37.4 

Soluble fibre    
   TDF-IDF

8
            78.2            99.6          131 

   TDF-aNDFmo-cp
9
            85.4          102          145 

   TDF- in vitro insoluble fibre
10

            96.1          100          133 
GE, MJ/kg DM            19.1            19.0            18.6 

Calculated chemical composition
11

, g/kg DM    
     Lysine            12.6            11.8            12.2 
     Methionine              4.1              4.1              4.0 
     Methionine + cysteine              7.2              7.2              7.0 

1 Provided by Ibérica de Nutrición Animal S.L. (Madrid, Spain). Mineral and vitamin composition (per kg of complete 

diet): 40 mg of Mn as MnO, 50 mg of Zn as ZnO, 1.25 mg of I as KI, 40 mg of Fe as FeSO4, 25 mg of Cu as CuSO4, 0.5 

mg of Co as CoSO4, 250 mg of choline chloride, 2 mg of riboflavin, 5 mg of calcium D-pantothenate, 15 mg of nicotinic 

acid, 1 mg of menadione sodium bisulfite, 9,000 IU of vitamin A as retinyl acetate, 1,800 IU of vitamin D3 as 

cholecalcipherol, 12.5 IU of vitamin E as α-tocopherol acetate, 0.01 mg of cyanocobalamin, 1 mg of thiamine, and 66 mg 

of robenidine hydrochloride (Cycostat; Zoetis, Paris, France). 2 CP-TDF = CP linked to total dietary fibre (TDF). 3 CP-

IDF = CP linked to insoluble dietary fibre (IDF). 4 CP-NDF = CP linked to NDF; NDF = α-amylase neutral detergent 

fibre corrected for ash. 5 CP-in vitro insoluble fibre = CP linked to in vitro insoluble fibre. 6 ADFom = ADF corrected for 

ash. 7 ADLom = ADL corrected for ash. 8 TDF-IDF = soluble fibre calculated as difference between TDF and IDF 9 TDF-

NDF = soluble fibre calculated as difference between TDF and NDF. 10 TDF-in vitro insoluble fibre = soluble fibre 

calculated as difference between TDF and in vitro insoluble fibre. 11 Calculated values according to Fundacion Española 

para el Desarrollo de la Nutrición Animal (de Blas et al., 2003). 

http://www.sciencedirect.com/science/article/pii/S1871141309001723#tblfn1
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4.2.3. Experimental Procedure  

Animals were randomly allotted to each experimental diet (10 rabbits/diet). After 

14 d of adaptation period to the diets, the feed intake was recorded and the whole faecal 

excretion was collected for 4 consecutive days. Following the hard faeces collection, 2 

ileal samples from each rabbit were gathered under gravity for 1 h during 2 consecutive 

days (1/d) and mixed together. Both ileal samples were collected from 1900 to 2100 h to 

avoid the effect of the soft faeces excretion period on the protein ileal flow (Merino and 

Carabaño, 2003). Faecal and ileal samples were stored at –20C, frozen-dried, and 

grounded to 1 mm for further analysis. The samples were individually ground to determine 

DM, Yb, ash, GE, CP, starch, TDF, insoluble dietary fibre (IDF) according to the AOAC 

(AOAC, 2000), NDF, 2-step in vitro pepsin/pancreatin DM indigestibility (in vitro 

insoluble fibre), and soluble fibre calculated as the difference between TDF and IDF (TDF-

IDF), soluble fibre calculated as the difference between TDF and in vitro soluble fibre 

(TDF-in vitro insoluble fibre), or TDF-NDF. Coefficients of total tract apparent 

digestibility (CTTAD) of DM and dietary components (OM, GE, CP, starch, TDF, 

insoluble fibre, and soluble fibre) were determined according to the European reference 

method (Perez et al., 1995). Coefficients of ileal apparent digestibility (CIAD) of DM and 

dietary components OM, GE, CP, starch, TDF, insoluble fibre, and soluble fibre) were 

determined by the dilution technique using Yb as a marker as follows: CIAD of DM = 1 - 

(dietary Yb concentration/ileal Yb concentration); and CIAD of dietary components = 1 - 

(dietary Yb concentration x ileal component concentration/ileal Yb concentration x dietary 

component concentration). 

Furthermore, the intestinal crude mucin in ileal and faecal digesta was determined 

to express TDF and soluble fibre without intestinal mucin (Abad et al., 2013 – Chapter 3). 

The caecal digestibility of each chemical constituent was calculated for each rabbit as the 

difference between the faecal and ileal digestibility. Caecal digestibility of mucin was 

determined for each rabbit as the difference between mucin ileal flow and mucin faecal 

excretion. 

 

4.2.4. Analytical Methods 

Procedures of the AOAC (2000) were used to determine DM (method 934.01), ash 

(method 942.05), CP (method 968.06), ether extract (method 920.39), starch 

(amyloglucosidase-α-amylase method; method 996.11), TDF (method 985.29), and IDF 

(method 991.42). Dietary NDF was determined using the filter bag system (Ankom 
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Technology, Macedon, NY) according to Mertens et al. (2002), and a thermostable 

amylase without any sodium sulfite was added. It was corrected for its own ash and protein 

as indicated for IDF. Dietary ADF and ADL were analysed according to the AOAC (2000; 

method 973.187) and Van Soest et al. (1991), respectively. The in vitro insoluble fibre was 

performed in Ankom bags (Ankom Technology), and the indigestible residue was 

corrected for CP and ash (Abad et al., 2013 – Chapter 3). The soluble fibre was calculated 

by difference as TDF-IDF, TDF- in vitro insoluble fibre, or TDF- NDF. Gross energy was 

determined by adiabatic calorimetry. Diets were analysed in triplicate, and ileal digesta and 

faeces were analysed in duplicate. One gram of ileal content and 3 g of faeces from each 

rabbit were used to analyse their crude mucin content, which was determined using the 

method of precipitation with ethanol (Leterme et al., 1998; Romero et al., 2011) and using 

pectinase (Sigma P2401; SigmaAldrich, St. Louis, MO) to remove soluble fibre (Abad et 

al., 2013 – Chapter 3). Crude protein on faecal mucin was determined only 1 pooled 

sample for each treatment due to the small amount of residue obtained. Additionally, the 

Yb content of diets and ileal digesta were analysed by atomic absorption spectrometry 

(Smith Hieftje 22; Thermo Jarrel Ash, Andover, MA; García et al., 1999). 

 

4.2.5. Statistical Analysis 

Repeated measures analysis was used to analyse the results obtained for CIAD and 

coefficients of caecal digestibility using a mixed model (SAS Inst. Inc., Cary, NC). The 

model for DM, OM, and starch digestibility included, as fixed sources of variation, the 

soluble fibre level (diet), the site of digestion (ileum vs. caecum) and their interaction. The 

model for CP and TDF digestibility included, as fixed sources of variation, the soluble 

fibre level (diet), the site of digestion/fermentation, the mucin correction, and their 

interactions. The model for insoluble fibre digestibility included, as fixed effects, the 

soluble fibre level (diet), the site of fermentation, the method and their interactions. The 

fixed effects of the model for soluble fibre digestibility were the soluble fibre level (diet), 

the site of fermentation, the method, the mucin correction and their interactions. To 

compare the insoluble with the corrected soluble fibre digestibility, a model was using 

containing soluble fibre level (diet), site of fermentation (ileum vs. caecum), fibre fraction 

(insoluble vs. soluble), and method as fixed sources of variation. The model for daily 

fermented fibre (once corrected for mucin) included DMI as covariate and the soluble fibre 

(diet), site of fermentation (ileum vs. caecum), fibre fraction (insoluble vs. soluble), and 

method as fixed sources of variation. In all cases, the rabbit was included as a random 
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variable in the model. A compound symmetry structure was fitted because it showed the 

lowest value of the Schwarz Bayesian criterion (Littell et al., 1998). 

The results obtained for CTTAD were analysed using a mixed model considering 

the soluble fibre level (diet) as the main source of variation for DM, OM, starch, and GE 

digestibility. The model for CTTAD of CP and TDF included, as fixed sources of 

variation, the effect of soluble fibre level (diet) and the mucin correction; for insoluble 

fibre digestibility, the model included the soluble fibre level (diet) and the method; and for 

the soluble fibre digestibility, the model included the soluble fibre level (diet), method, and 

mucin correction. 

The model for the ileal flow of dietary components had, as source of variation, the 

soluble fibre level (diet) and the DMI as a covariate, and for insoluble and mucin corrected 

soluble fibre also contained the method. In these models, all the interactions among the 

fixed factors were also considered. The data are presented as least squares means, and they 

were compared using a protected t-test. Linear regressions between all measurements of 

the amount of insoluble and soluble fermented fibre using different methods were 

determined including feed intake as covariate. 

 

4.3. Results 

The DMI did not differ among rabbits fed different dietary treatments (151, 141, 

and 132 g DM/d for the LSF, MSF and HSF diets, respectively; SEM = 10.4, P = 0.44; 

data not shown). In rabbits fed the HSF diet, the average of CIAD and caecal digestibility 

of DM and OM increased by 11% compared with the other 2 groups (P < 0.01; Table 4.2). 

However, the type of diet did not influence ileal and caecal DM, OM, and starch 

digestibility. In the ileum, 75% of the faecal digestible DM and OM was digested and 

almost all of the faecal digestible starch (0.99; P < 0.01) was digested. However, faecal 

DM. OM, and GE digestibility of rabbits fed the HSF diet were 9% higher than those of 

rabbits fed the other 2 diets (P < 0.01). Ileal and faecal concentration of crude mucin 

increased from the LSF to the HSF diet by 78 and 46% (P < 0.01; Table 4.3). In addition, 

the ileal crude mucin flow (g DM/d) of the rabbits fed the HSF was higher than that of 

rabbits fed the LSF diet (P = 0.004). A similar effect, but smaller in magnitude, was 

observed for the faecal crude mucin flow when it was expressed per kilogram of DMI (P = 

0.031).  The apparent caecal crude mucin fermentation of the rabbits fed the HSF diet was 

higher than that of rabbits fed the MSF and LSF diets (0.909 vs. 0.848; P = 0.014). Ileal 

and faecal crude mucin contained 243 and 216 g CP/kg CP.  
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Table 4.2. Effect of type of fibre and site of digestion on apparent ileal, caecal and faecal 

digestibility of dietary components in rabbits. 

Item DM OM Starch GE 

Coefficient of ileal digestibility     

Low soluble fibre     0.489     0.509     0.983 ̶ 

Medium soluble fibre     0.462     0.482     0.981 ̶ 

High soluble fibre     0.521     0.546     0.980 ̶ 

Coefficient of caecal digestibility     

Low soluble fibre     0.162     0.139     0.012 ̶ 

Medium soluble fibre     0.182     0.157     0.015 ̶ 

High soluble fibre     0.184     0.178     0.013 ̶ 

SEM
1 

   ̶ 

Type of fibre (diet) 0.004 0.005 0.001 − 

Site of digestion 0.016 0.018 0.002 − 

Type of fibre × Site of digestion 0.020 0.023 0.003 − 

P-value      

Type of fibre (diet) <0.001 <0.001 0.31 ̶ 

Site of digestion <0.001 <0.001 <0.001 ̶ 

Type of fibre × Site of digestion 0.574 0.726 0.693 ̶ 

Coefficient of faecal digestibility     

Low soluble fibre     0.651
b 

    0.648
b
     0.995     0.656

b 

Medium soluble fibre     0.644
b 

    0.639
b
     0.996     0.643

b 

High soluble fibre     0.705
a 

    0.724
a
     0.993     0.697

a 

SEM
1 

    0.008     0.011     0.001     0.008 

P-value     

Type of fibre (diet) < 0.001 <0.001 0.267 < 0.001 
a,b 

Mean values in the same column for each site of digestion with a different superscript differ (P < 0.05).
  

1
n = 10 rabbits/diet in each site of digestion. 

 

Table 4.3. Effect of type of fibre (low soluble fibre, medium soluble fibre, or high soluble 

fibre diet) on ileal and faecal mucin content in rabbits. 

Item 

Type of fibre 

SEM
1
 

P-

value Low 

soluble 

Medium 

soluble 

High 

soluble 

 Ileal crude mucin 

g DM/kg dry ileal digesta    43.3
c
    59.7

b
    77.1

a
 4.41 <0.001 

g DM/d      3.20
b
      3.80

b
      5.64

a
 0.48 0.004 

g/kg of DMI    21.4
c
    28.2

b
    42.5

a
 3.00 <0.001 

CP, g/kg  ileal mucin  253  243  232 7.0   0.136 

Faecal crude mucin      

g DM/kg of dry faecal digesta      8.44
b
    11.0

a
    12.3

a
 0.62  <0.001 

g DM/d      0.45      0.55      0.50 0.062   0.502 

g/kg of DMI      2.94
b
      3.95

a
      3.66

ab
 0.26   0.031 

CP,g/kg faecal mucin
2
  226  214  208 ̶ ̶ 

Caecal mucin  fermentation     0.852
b
     0.845

b
      0.909

a
 0.015   0.014 

a–c 
Mean values in the same row with a different superscript differ (P < 0.05). 

1 
n = 10 rabbits/diet. 

2 
CP on 

faecal mucin was determined using only 1 pooled sample for each treatment due to the small residue 

obtained. 
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Rabbits fed the LSF diet showed a CIAD of CP 8% higher than rabbits fed the 

other 2 diets (0.649 vs. 0.598%; P < 0.01; Table 4.4).  

 

Table 4.4. Effect of type of fibre (low soluble fibre [LSF], medium soluble fibre [MSF], or 

high soluble fibre [HSF] diet), mucin correction, and site of digestion/fermentation on 

apparent ileal, caecal and faecal digestibility of CP and total dietary fibre in rabbits. 

 

CP Total dietary fibre
 

Mucin correction No Yes No Yes 

Coefficient of ileal digestibility   

  LSF 0.635
a
 0.663

a
 0.089

b
 0.120

b
 

MSF 0.576
b
 0.615

b
 0.109

b
 0.155

b
 

HSF  0.579
b
 0.623

b
 0.230

a
 0.281

a
 

Average       0.597       0.634 0.143       0.185 

Coefficient of caecal digestibility   

  LSF 0.119 0.094 0.284 0.258 

MSF 0.120 0.085 0.305 0.266 

HSF  0.145 0.106 0.314 0.269 

Average 0.128 0.095 0.301 0.264 

SEM
1
  

 Type of fibre (diet) 0.006 0.007 

Mucin correction /site of digestion
2 0.005 0.006 

Fibre method − − 

Type of fibre × site of digestion 0.009 0.010 

Mucin correction × site of digestion  0.008 0.008 

P-value 
3
   

Type of fibre (diet) 0.008 < 0.001 

Mucin correction 0.817 0.742 

Site of digestion < 0.001 < 0.001 

Type of fibre × site of digestion 0.004 < 0.001 

Mucin correction × site of digestion  < 0.001 < 0.001 

Coefficient of faecal digestibility     

LSF 0.754
a
 0.757

a
 0.373

c
 0.377

b
 

MSF 0.696
b
 0.700

b
 0.414

b
 0.420

b
 

HSF  0.725
ab

 0.729
ab

 0.545
a
 0.550

a
 

Average       0.725 0.729 0.444 0.449 

SEM 
1
   

Type of fibre (diet) 0.012 0.014 

Mucin correction  0.007 0.008 

Type of fibre × Mucin correction 0.012 0.014 

P-value
3 

  

Type of fibre (diet) 0.008 < 0.001 

Mucin correction  < 0.001 < 0.001 

Type of fibre × mucin correction 0.097 0.064 
a,b

 Mean values in the same column and site of digestion/fermentation for each effect with a different 

superscript differ (P < 0.05). 
1
n = 10 rabbits/diet. Standard error of the mean values for interaction type of 

fibre × mucin correction × site of digestion/fermentation for ileal and caecal CP and total dietary fibre 

digestibility were 1.35 and 1.34, respectively. 
2
Standrar error of mean values for mucin correction and site of 

digestion/fermentation were the same for CP and total dietary fibre. 
3
The interactions not shown were not 

significant (P > 0.20). 
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These values increased by 0.037 units when they were corrected for the ileal mucin 

CP (0.597 vs. 0.634; P = 0.002). No difference was found in caecal CP digestibility among 

rabbits fed the three experimental diets, and it decreased by 0.033 units when the mucin CP 

was considered (0.128 vs. 0.095; P = 0.006). The CTTAD of CP of rabbits fed the LSF diet 

was 8% higher than that of rabbits fed the MSF diet (P = 0.002), with the HSF diet 

generating an intermediate value. Once corrected for faecal mucin CP, faecal CP 

digestibility increased by 0.004 units (P < 0.01). 

The CIAD of TDF increased from the LSF to the HSF diet group (0.105 vs. 0.256; 

P < 0.01. Table 4.4), but the caecal digestibility of TDF was unaffected by the diet (0.282 

on average), resulting an interaction diet × site of digestion (P < 0.01). The CIAD of TDF 

increased by 0.042 units when it was corrected for mucin (P < 0.01), whereas caecal 

digestibility decreased by 0.037 units (P < 0.01). As a result, an interaction mucin 

correction × site of fermentation was found (P < 0.001). Once corrected for mucin content, 

around 40% of digestible TDF was fermented in the ileum and 60% in the caecum (0.185 

vs. 0.264, respectively; P < 0.01). However, it depended on the type of diet because the 

increment of dietary soluble fibre content raised the proportion of mucin corrected TDF 

fermented in the ileum (from 32 to 51%, for the LSF and to the HSF diets, respectively; P 

< 0.01). Accordingly, rabbits fed the HSF diet fermeted daily in the ileum more than 

double TDF than those fed the MSF and LSF diets (16.7 vs. 7.7 g TDF/d; P < 0.01; Fig. 

4.1) but a similar amount in the caecum (16.2 g TDF/d). Rabbits fed the MSF and LSF 

diets fermented double amount of TDF in the caecum than in the ileum (15.3 vs. 7.7 g 

TDF/d; P < 0.01; Fig. 4.1). Faecal digestibility of TDF increased from 0.375 to 0.547 for 

the LSF and HSF diet groups, respectively (P < 0.01). Moreover, it increased by 0.005 

units once corrected for faecal mucin (P <0.01). Ileal digestibility of insoluble fibre of 

rabbits fed the HSF was greater than for those fed the LSF diet (0.210 vs. 0.113; P < 0.01. 

Table 4.5), but caecal digestibility was similar among the 3 diet groups (0.139 on average), 

leading to an interaction between type of fibre × site of digestion (P = 0.013). No effect of 

the methods used to determine insoluble fibre was found on its digestibility at the ileum or 

caecum. Ileal and caecal digestibility of insoluble fibre showed on average similar values 

(0.157 vs. 0.139. P = 0.078). According to these results, approximately half of the total 

fermented insoluble fibre (53%) occurred before the caecum. Consequently, the faecal 

digestibility of insoluble fibre was greater for rabbits fed the HSF diet than for those fed 

the MSF and LSF diets (0.377 vs. 0.255; P < 0.01); Table 4.4. Faecal digestibility of 

insoluble fibre measured as NDF was higher than that measured as IDF or in vitro 
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insoluble fibre (0.314 vs. 0.287; P < 0.01). The amounts of NDF, IDF, and in vitro 

insoluble fibre fermented (g/d) in the whole digestive tract were highly correlated (r ≥ 

0.973; P < 0.01). This correlation remained high between the amount of NDF and IDF 

fermented, in both the ileum and caecum (r ≥ 0.829; P < 0.01). In contrast, the correlation 

between the in vitro insoluble fibre and the NDF or IDF fermented in the ileum and 

caecum decreased (from 0.445 to 0.569; P < 0.05) or even disappeared (between in vitro 

insoluble fibre and IDF fermented in the caecum). 

Figure 4.1. Effect of type of fibre (low [■], medium [ ] , or high soluble fibre diet [□]) and 

site of fermentation (ileum vs. caecum) on the daily total dietary fibre (TDF) fermented (g 

TDF/d, corrected for mucin content and considering the DMI as covariate). Ptype of fibre × site of 

fermentation  < 0.001.Values are means ± SEM (0.79; n = 10).  
a, b

 Within each segment mean 

values with a different letter differ (P < 0.05).  

 

The rabbits fed the HSF diet had a greater ileal digestibility of soluble fibre than 

those fed the MSF and LSF diets (0.356 vs. 0.076, respectively; P < 0.01; Table 4.5). It 

was 0.165 units greater when it was corrected using the ileal mucin content than the 

uncorrected value (0.087 vs. 0.252; P < 0.01). When ileal soluble fibre digestibility was not 

corrected for mucin, it showed negative values for rabbits from the LSF and MSF diet 

groups (-0.004 and -0.011%), being positive only for those of the HSF diet group (0.276). 

Ileal digestibility of soluble fibre became positive for rabbits fed the LSF and MSF diets 

after its correction for mucin content (0.145 and 0.173), whereas it showed a higher value 

for those of HSF diet group (0.436). Once corrected for mucin content, the ileal 

digestibility of soluble fibre for each diet group was not affected by the fibre methodology 

used.  
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Table 4.5. Effect of type of fibre (low soluble fibre [LSF], medium soluble fibre [MSF], or high soluble fibre [HSF] diet), mucin correction, fibre 

method, and site of fermentation on apparent ileal, caecal and faecal digestibility of insoluble and soluble fibre in rabbits.  

 

Insoluble fibre Soluble fibre 

Fibre method1 Insoluble 

dietary fibre 

In vitro 

insoluble fibre 
NDF 

TDF -insoluble 

dietary fibre 

TDF - in vitro 

insoluble fibre TDF - NDF 

Mucin correction 

   

No Yes No Yes No Yes 

Coefficient of ileal digestibility 

         LSF 0.121b 0.107b 0.110b   -0.050b 0.114b 0.029b 0.162b 0.010b 0.159b 

MSF 0.157ab 0.148ab 0.141b   -0.038b 0.149b  -0.010b 0.175b 0.014b 0.196b 

HSF  0.207a 0.209a 0.214a 0.285a 0.452a 0.279a 0.444a 0.264a 0.414a 

Average 0.162 0.155 0.155 0.066 0.238 0.099 0.260 0.096 0.257 

Coefficient of caecal digestibility 

         LSF 0.126 0.132 0.154 0.974a 0.832a 0.790a 0.675a 0.786a 0.656a 

MSF 0.096 0.101 0.141 0.957a 0.794a 0.935a 0.774a 0.799a 0.641a 

HSF  0.162 0.159 0.182 0.666b 0.516b 0.666b 0.518b 0.577b 0.442b 

Average 0128 0.130 0.159 0.865 0.714 0.797 0.656 0.721 0.580 

SEM 2 

  Type of fibre (diet) 0.009 0.005 

Mucin correction /site of fermentation3 0.007 0.011 

Fibre method 0.009 0.015 

Type of fibre × site of fermentation 0.013 0.018 

Mucin correction × site of 

fermentation  − 0.018 

Fibre method × site of fermentation 0.013 0.026 

P-value 4   

Type of fibre (diet) < 0.001 < 0.001 

Mucin correction − 0.61 

Fibre method 0.462 0.057 

Site of digestion 0.078 < 0.001 

Type of fibre × Site of digestion 0.013 < 0.001 

Mucin correction × Site of digestion  − < 0.001 

Fibre method × Site of digestion 0.284 0.004 
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Table 4.5 (continued) 

 Insoluble fibre Soluble fibre 

Fibre method1 
Insoluble 

dietary fibre 

In vitro 

insoluble fibre 
NDF 

TDF -insoluble 

dietary fibre 

TDF - in vitro 

insoluble fibre TDF - NDF 

Mucin correction    No Yes No Yes No Yes 

Coefficient of faecal digestibility          

LSF 0.247b 0.239b 0.264b 0.924 0.946 0.819b 0.837b 0.795b 0.816b 

MSF 0.252b 0.249b 0.282b 0.919 0.943 0.925a 0.949a 0.814ab 0.837ab 

HSF  0.369a 0.368a 0.396a 0.951 0.967 0.946a 0.962a 0.841a 0.856a 

Average 0.289B 0.285B 0.314A 0.931 0.952 0.897 0.916 0.817 0.836 

SEM 2   

Type of fibre (diet) 0.018 0.010 

Mucin correction − 0.003 

Fibre method 0.002 0.004 

Type of fibre × mucin correction − 0.011 

Type of fibre × fibre method 0.019 0.012 

P-value 4   

Type of fibre (diet) < 0.001 < 0.001 

Mucin correction  − < 0.001 

Fibre method < 0.001 < 0.001 

Type of fibre × fibre method 0.503 < 0.001 
a,b

 Mean values in the same column and site of fermentation for each effect with a different superscript differ (P < 0.05). 
A,B 

Average values  in the same row for insoluble 

fibre with a different superscript differ (P < 0.05).  
1
 n = 10 rabbits/diet. Standard error of the mean values for interaction type of fibre × fibre method × site of fermentation for 

ileal and caecal insoluble and soluble fibre digestibility were 2.13 and 3.85, respectively.  
2
Standard error of the mean values for interaction type of fibre × mucin correction × 

fibre method × site of fermentation for ileal and caecal insoluble fibre digestibility was 5.68. Standard error of the mean values for interaction type of fibre × mucin correction 

× fibre method for faecal soluble fibre digestibility was 1.31. 
3
 Standard error of the mean values for mucin correction and site of fermentation were the same for soluble fibre 

digestibility. 
4 
The interactions not shown were not significant (P > 0.20). 
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The CIAD of soluble fibre (corrected for mucin) was higher than that for insoluble 

fibre for rabbits fed the HSF diet (0.436 vs. 0.210. P < 0.01), and no difference was 

detected for animals who received the LSF and MSF diets (0.159 vs. 0.131). As a 

consequence, the amount of fermented soluble fibre (once corrected for mucin content) in 

the ileum was lower than the fermented insoluble fibre for rabbits fed the LSF diet (1.5 vs. 

5.1 g/d; P < 0.01; Fig. 4.2), and the MSF diet (2.7 vs. 6.0 g/d; P < 0.01), but it was similar 

for those given the HSF diet (8.1 vs. 8.5 g/d). In contrast to the CIAD, caecal digestibility 

of soluble fibre was lower for the HSF compared with the MSF and LSF diet groups (0.564 

vs. 0.801; P < 0.01), resulting in an interaction diet × site of fermentation (P < 0.01).  

 

 

Figure 4.2. Effect of type of fibre (low [■], medium [ ], or high soluble fibre diet [□]), site 

of fermentation (ileum vs. caecum) and fibre fraction (soluble vs. insoluble) on daily fibre 

fermented (g/d, corrected for mucin and considering the DMI as covariate). Values for 

fermented soluble and insoluble fibre are the average of the 3 methods evaluated. Ptype of fibre 

× site of fermentation × fibre fraction = 0.002. Values are means ± SEM (0.51; n = 10). 
a,b

 Within each 

combination type of fibre × site of fermentation mean values with a different letter differ 

(P < 0.05). 
*
 Within each segment indicates that mean fibre fraction values for each type of 

fibre differ (P < 0.05). 

 

Correction for ileal and faecal mucin content decreased caecal soluble fibre 

digestibility by 0.144 units compared with the uncorrected value (P < 0.01). This effect 

was opposite to that recorded in the ileum, and led to an interaction mucin correction × site 

of fermentation (P < 0.01). Once corrected for ileal and faecal mucin content, digestibility 

of soluble fibre in the caecum was higher than in the ileum (0.650 vs. 0.252; P < 0.01). 
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However, it depended on the type of diet because the increment of dietary soluble fibre 

content raised the proportion of soluble fibre digested in the ileum (from 0.145 to 0.436, 

for the LSF and HSF diet groups, respectively; P < 0.01) but decreased it in the caecum 

(0.721 vs. 0.492, for the HSF and the average of the MSF and LSF diet groups, 

respectively; P < 0.05). As a consequence, the amount of soluble fibre fermentes in the 

caecum was greater than in the ileum for rabbits who received the LSH and MSF diets (9.5 

vs. 2.1 g/d; P < 0.01; Fig. 4.2) but similar for those given the HSF diet (9.4 vs. 8.1 g/d). 

The method used to quantify soluble fibre did not affect its CIAD but influenced its caecal 

digestibility, being lower for TDF-NDF than for the other 2 methods (0.650 vs. 0.758; P = 

0.031), and consequently the interaction fibre method × site of fermentation was significant 

(P = 0.004). The CTTAD of soluble fibre increased with the dietary soluble fibre level (P < 

0.001; Table 4.5). Moreover, its value decreased successively (P < 0.01) when it was 

determined as TDF-IDF, TDF- in vitro insoluble fibre, and TDF-NDF. An interaction diet 

× method was found for CTTAD of soluble fibre (P < 0.01; Table 4.5), because it was 

lower for the LSF compared with the HSF diet group, but for TDF-IDF, rabbits fed LSF 

and MSF diets showed similar values. Once corrected for faecal mucin content, CTTAD of 

soluble fibre increased by 0.020 units (P < 0.01). The amounts of fermented TDF-NDF, 

TDF-IDF, and TDF-in vitro insoluble fibre in the whole digestive tract were highly 

correlated (r ≥ 0.969, P < 0.01). This correlation remained high between the amount of 

fermented TDF-NDF and TDF-IDF, in both the ileum and caecum (r ≥ 0.830, P < 0.01). 

However, the correlation among the amount of fermented TDF-in vitro insoluble fibre and 

TDF-NDF or TDF-IDF in the ileum decreased (from 0.541 to 0.580; P < 0.05) or even 

disappeared in the caecum. All the interactions not mentioned were not significant. Rabbits 

fed the LSF diet showed the lowest ileal flow of total and mucin CP (P < 0.01; Table 4.6).  

No effect was observed in the ileal flow of DM, OM, CP linked to NDF, and starch, 

but the TDF ileal flow (corrected for mucin) decreased when the soluble fibre increased (P 

< 0.01). Independently of the method used, the ileal flow of insoluble fibre was higher for 

rabbits fed the LSF compared with the HSF diet group (41.3 vs. 34.0 g/d; P < 0.01; Table 

4.7). Ileal flow of soluble fibre (corrected for ileal mucin) was unaffected by the diet, and 

by the method of analysis (11.1 g/d on average).  
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Table 4.6. Effect of type of fibre (low soluble fibre, medium soluble fibre, or high soluble 

fibre diet) on ileal flow (g/d) of dietary components in rabbits. 

Item 

Type of fibre 

SEM
1
 P-value 

Low 

soluble 

Medium 

soluble 

High 

soluble 

DM 71.9 77.5 69.6 2.57   0.108 

OM 64.6 69.0 61.4 2.46   0.119 

CP      

  CP 10.0
b
 11.7

a
 11.8

a
 0.40   0.006 

CP-mucin
2
   0.75

b
   1.07

a
   1.22

a
 0.074 <0.001 

CP-NDF
3
   6.47   5.42   4.80 0.57   0.150 

Starch   0.51   0.58   0.60 0.078   0.706 

TDF
4
, mucin corrected

2 
51.7

a
 49.2

b
 45.1

c
 0.62 <0.001 

a–c
CP, CP-mucin, CP-NDF, Starch and TDF- mucin corrected should be moved to the left. Mean values in the 

same row with a different superscript differ (P < 0.05). 
1
n =10 rabbits/diet. Covariate DMI was significant (P 

< 0.01) for all traits. 
2
CP from intestinal mucin. DF = total dietary fibre. Total dietary fibre corrected for 

mucin. 
3
CP linked to NDF. 

4
Total dietary fibre corrected for mucin. 

 

Table 4.7. Effect of type of fibre (low soluble fibre [LSF], medium soluble fibre [MSF], or 

high soluble fibre [HSF] diet) and fibre method on ileal flow (g/d) of dietary insoluble 

fibre and soluble fibre, corrected for ileal mucin content, in rabbits. 

Item 
Insoluble fibre Soluble fibre 

Diets   

LSF 41.3
a
 11.9 

MSF 37.6
b
 10.8 

HSF  34.0
c
 11.5 

Method
1 

  

 IDF 38.0 11.0 

 In vitro insoluble fibre 37.5 11.2 

 NDF 37.4 11.2 

SEM
2 

    0.92         0.81 

P-value  

  Type of fibre (diet) <0.001 0.248 

  Fibre method   0.711 0.637 

  Type of fibre × fibre method   0.624 0.513 
a–c 

Mean values in the same column for each site of fermentation with a different superscript differ (P < 0.05). 
1
IDF: Insoluble dietary fibre; NDF = α-amylase corrected for ash and protein.  

2
n = 10. Covariate DMI was 

significant (P < 0.001) for all traits. 

 

4.4. Discussion 

This work confirms that increasing soluble fibre (by the inclusion of sugar beet and 

apple pulp) improves the CTTAD of TDF digestibility as reported previously (Trocino et 

al., 2011; Xiccato et al., 2011). The dietary soluble fibre represents around 50% of the total 

fermented TDF, despite its low proportion in the diet, and it is independent of the diet. This 

is explained by both the high CTTAD of soluble fibre, which is very close to that of starch 

(0.914 vs. 0.995, respectively), and the improved the CTTAD of insoluble fibre when the 
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soluble fibre increases. Ingredients rich in soluble fibre (sugar beet or citrus pulps) showed 

greater CTTAD of insoluble fibre than other common sources of fibre such as wheat bran, 

dehydrated alfalfa, or straw, which is mainly caused by their low degree of lignification 

(Gidenne, 1987; Pérez de Ayala et al., 1991). 

The identification of the site of fermentation of soluble fibre and TDF (or nonstarch 

polysaccharides) is complex because of their usually low or even negative ileal 

digestibility found in this study or in previous work performed in pigs (Graham et al., 

1986; Jørgensen et al., 1996) and rabbits (Gidenne, 1992; Martínez-Vallespin et al., 2013). 

This circumstance has been related in pigs with a potential interference of endogenous 

substances with these determinations (Graham et al., 1986; Jørgensen et al., 1996; Wilfart 

et al., 2007). In fact, Abad et al. (2013) observed that rabbit intestinal mucin were retained 

within the soluble fibre fraction when the latter was quantified in the intestinal digesta as 

both precipitate with ethanol. Consequently, a correction to avoid this problem was 

proposed. After applying this correction in the current study, the ileal TDF and soluble 

fibre digestibility increased. In addition, soluble fibre digestibility became positive for 

rabbits fed the diets with the lowest soluble fibre content.  

The CIAD of TDF (corrected for mucin) represented on average 40% of the 

CTTAD of TDF and it was positively influenced by soluble fibre inclusion. This value is 

similar to that obtained previously in pigs (Mathers, 1991), or in rabbits (Gidenne, 1992; 

García et al., 1999; Carabaño et al., 2001), when the digestibilities of dietary fibre 

monomers were determined. The increase of soluble fibre in the diet improved the ileal 

digestibility of insoluble and soluble fibre (corrected for mucin). The amount of fermented 

insoluble fibre in the ileum was higher than the amount of fermented soluble fibre (once 

corrected for mucin) for rabbits who received the LSF and MSF diets (72 vs. 28% out of 

the total ileal fermented TDF). When the soluble fibre content of the diet increased, as in 

the HSF diet, the rate of fermentation in the ileum was similar for insoluble and soluble 

fibre (52 vs. 48% our of total ileal fermented TDF). These results are explained by the 

higher proportion of insoluble fibre in the diet (especially in the LSF and MSF diets) and 

the similar ileal digestibility of insoluble and soluble fibre. However, the amount of 

insoluble fibre fermented in the ileum is surprisingly high taking into account the relative 

short oroileal mean retention time of the digesta (around 5 h); (Gidenne, 1994; García et 

al., 1999). In addition, a higher ileal digestibility of the soluble fibre fraction compared to 

the insoluble fibre would have been expected because it is easily available and the 

pectinase activity in the rabbit small intestine is higher than the xylanase and cellulose 
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activity (Marounek et al., 1995). A minor proportion of the insoluble fibre digestibility in 

the ileum may be explained by its partial solubilization in the acid conditions of the 

stomach, as observed when determining the 2 step pepsin/pancreatin in vitro NDF 

digestibility (from 6 to 1% for the HSF diet and the average of the LSF and HSF diets, 

respectively; Table in Annex). Similarly, a high CIAD of NDF was also found in rabbits 

given diets containing dehydrated alfalfa (0.50) or dehydrated alfalfa and sugar beet pulp 

(0.20 and 0.30) as the main sources of fibre (39 and 43%, respectively; Merino and 

Carabaño, 1992 ). Other authors also reported a positive CIAD of insoluble fibre in rabbits 

(from 0.07 to 0.19 for crude fibre [Yu  et al., 1987], 0.05 for NDF [Gidenne  and 

Ruckebusch, 1989], and 0.16 for NDF [Blas  et al., 2003]), ponies (0.13 for NDF; Hintz  et 

al., 1971), and pigs (from negative values to 0.43 for NDF [Keys and DeBarthe, 1974], 

from 0.07 to 0.53 for IDF [Graham et al., 1986], and 0.17 for NDF [Schulze  et al., 1994]). 

These results seem to confirm the occurrence of a significant hydrolysis of cell wall 

polysaccharides (soluble and insoluble) in the ileum, which might be performed by 

extracellular fibrolytic enzymes (Abbott and Boraston, 2008), as observed in the rabbit 

caecum (Sirotek et al., 2001). It might suggest that the cell wall polysaccharides in the 

ileum can be hydrolyzed to carbohydrates with lower molecular weight (to shorter 

polysaccharides or to oligosaccharides) as opposed to being extensively fermented. In fact, 

the molecular weight of β-glucan of oats was reduced after passage through the stomach 

and the proximal small intestine of pigs. It was probably associated to the microbial 

enzymes, although this activity did not lead to a loss in β-glucan from the digesta before 

the lower small intestine was reached (Johansen et al., 1993). Consequently, low molecular 

weight carbohydrates derived from microbial fibre hydrolysis would not be retained in the 

insoluble fibre fraction or precipitated with ethanol. This result may be explained by the 

fact that some bacteria possesses polysaccharide depolymerases but not glycoside 

hydrolases necessary for utilization of the xylooligosaccharides or oligogalacturonides as 

an energy source leading to the solubilization but not fermentation of cell wall 

polysaccharides (Dehority, 1993). In this way, Fondevila and Dehority (1994) 

demonstrated that ruminal hemicellulose utilization resulted from initial solubilization of 

the hemicellulose from the forage by nonhemicellulose utilizers and subsequent 

fermentation of this soluble polysaccharide by the utilizing, but nondegrading, bacteria. 

This circumstance may occur in rabbits fed high soluble fibre diets and may affect the ileal 

microbiota profile and gut health. El Abed et al. (2013) reported a reduction in ileal 
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biodiversity in rabbits fed a diet including sugar beet pulp, although this effect was not 

observed by Gómez-Conde et al. (2007). 

The majority of TDF was fermented in the caecum (60%, which corresponds to 

15.9 g TDF/d, on average), and the TDF fermented in the caecum was not affected by 

dietary treatments. The soluble fibre represented a 61% of the total TDF fermented in the 

caecum (9.7 g/d on average). This was in agreement with the higher fibrolytic activity 

found in the caecum, which was around 8.5 times higher than in the ileum (Marounek et 

al., 1995), and the longer mean retention time in the caecum and colon (around 9 h; 

Gidenne et al., 2010). The most important caecal fibrolytic activity found in rabbits fed -

alfalfa and sugar beet pulp-based diets was the pectinase activity, whereas the cellulolytic 

activity was the least important (Falcão-e-Cunha et al., 2004). These authors observed that 

caecal pectinolytic activity was overcome only by xylanolytic activity in rabbits fed a 

wheat bran-based diet. 

The method for quantifying insoluble fibre had no influence on the ileal and caecal 

digestibility of this fraction or on the amount of fermented insoluble fibre in each segment. 

However, its faecal digestibility was slightly higher when using NDF compared with IDF 

or in vitro insoluble fibre, leading to a higher amount of insoluble fibre fermented when 

determined using NDF respect to the value obtained with in vitro insoluble fibre (13.3 vs. 

12.1 g insoluble fibre/d; P = 0.023). These differences are not relevant and might be 

explained by the higher solubilization of hemicelluloses in the faeces than in the 

ingredients when the detergent method is used, compared with an enzymatic –chemical 

method, as reported by Hindrichsen et al. (2006). In fact, the correlation among the amount 

of insoluble fibre fermented in the whole digestive tract using the 3 methods was high. 

This correlation remained high for the insoluble fibre fermented in the ileum and caecum 

when it was calculated as NDF and IDF, but the TDF fermented in the caecum decreased 

for the insoluble fibre fermented in the caecum when in vitro insoluble fibre was used or 

even disappeared in the ileum. Similarly, the method for quantifying soluble fibre had no 

influence on the quantification of its ileal digestibility but influenced the caecal and faecal 

digestibility in this fraction, being lower for TDF-NDF digestibility. Nevertheless, for 

practical purposes, the method used to determine soluble fibre digestibility had no effect on 

the amount of soluble fibre fermented either in the ileum or in the caecum. The differences 

obtained for faecal soluble digestibility among diet groups due to the method used did not 

change the differences between the extreme diets, but it would suggest that the differences 

in the digestibility of extreme diets might increase when the soluble fibre digestibility is 
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estimated using TDF-in vitro insoluble fibre. The correlation among the amount of soluble 

fibre fermented in the whole digestive tract using the 3 methods was high. This correlation 

remained high in the ileum and caecum when the soluble fibre fermented was calculated as 

NDF and IDF, but this correlation decreased for the soluble fibre fermented in the ileum 

and caecum when in vitro insoluble fibre was used. This result may be related to the 

different recovery of solubilized (partial or total) polysaccharides by the insoluble fibre 

methods. Accordingly, the nutritional meaning of the 3 different methodologies does not 

differ at the faecal level (especially when the amount of fermented fibre is considered). 

However the meaning of the values obtained with the in vitro insoluble fibre method might 

differ from those obtained with NDF and IDF at both ileal and caecal levels. 

The observed positive effect of soluble fibre on ileal mucin flow agrees with the 

higher number of globet cells per villi found in the jejunum when the soluble fibre is 

increased in rabbits (El Abed et al., 2011) and rats (Ito et al., 2009) . The minor differences 

detected in the mucin flow at faecal level indicated that mucin is extensively fermented by 

caecal bacteria, as observed in vitro by Marounek et al. (2000). In fact, the amount of 

mucin fermented in the caecum of rabbits fed the HSF diet represented around 50% of the 

amount of soluble fibre fermented (5.0 vs. 9.8 g/d), whereas this proportion decreased for 

those fed the LSF diet (2.7 vs. 9.0 g/d). The potential effects exerted by the inclusion of 

soluble fibre through raising the mucin production in the intestinal mucosa or in the 

caecum, as a substrate for microbial fermentation, might be related to the positive effect of 

soluble fibre on mortality rate in growing rabbits (Martínez-Vallespin et al., 2011a; 

Trocino et al., 2013b). 

In conclusion, the ileal and caecal digestibility of TDF and soluble fibre should be 

corrected for the ileal and faecal mucin content. The method selected to measure insoluble 

and soluble fibre did not have a relevant influence on the amount of the fermented fibre 

fractions. Additionally, the increment of soluble fibre using sugar beet and apple pulp 

increased the amount of TDF fermented, due to the increasing proportions of both the 

insoluble and soluble fibre fractions fermented/solubilized in the ileum. 
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V. EFFECT OF SOLUBLE AND INSOLUBLE SUGAR BEET PULP 

FIBRE AND METHOD OF ANALYSIS ON ILEAL AND FAECAL 

DIGESTIBILITY OF FIBRE IN FATTENING RABBITS 
 

5.1. Introduction  

 The inclusion of dietary soluble fibre, using sugar beet pulp (SBP), has a beneficial 

effect on mortality due to epizootic rabbit enteropathy (Trocino et al., 2013b). Increasing 

soluble fibre (from 7 to 12% neutral detergent soluble fibre) with SBP enhances gut barrier 

function and mucin production, modulates intestinal microbiota and reduces the mortality 

in the post-weaning period (Xiccato et al., 2006 and 2008; Gomez-Conde et al., 2007 and 

2009; Martínez-Vallespín et al., 2011a; Abad-Guamán et al., 2015 – Chapter 4). 

Accordingly, it is suggested the formulation of fibre requirement also in terms of soluble 

fibre (Gidenne and García, 2006). These positive effects might be related to the 

fermentability of this ingredient along the digestive tract. It is already known that 

monomers usually belonging to the soluble fibre fraction show a significant ileal 

digestibility when other sources of fibre than SBP are used (Gidenne, 1992; Carabaño et 

al., 2001). However, using SBP increases not only the soluble fibre but also the low 

lignified fermentable insoluble fibre when SBP replace either starch sources (García et al., 

1993; Gidenne and Jehl, 1996; Gidenne and Bellier, 2000; Gidenne and Perez, 2000) or 

other fibre sources (de Blas and Villamide, 1990; Fernandez-Carmona et al., 1996). In fact 

when SBP and apple pulp were used to increase the level of soluble fibre, a significant 

amount of TDF (total dietary fibre), both of the insoluble and of the soluble fractions, 

fermented before the caecum (Abad-Guamán et al., 2015 –Chapter 4). Accordingly, the 

identification of the site of fermentation of the two fibre fractions of SBP would of be of 

interest.  

Moreover, the determination of soluble fibre in the digesta is influenced by its 

correction for the intestinal mucin content, whereas the method of fibre used seems to have 

a minor relevance when soluble fibre is obtained from SBP and apple pulp (Abad-Guamán 

et al, 2015 –Chapter 4). It would be interesting to clarify whether the type of SBP fibre 

fractions influences mucin production, TDF and soluble fibre digestibility and its potential 

interference with the fibre methodology. 

The aim of this study was to determine the effect of the soluble and insoluble fibre 

fractions of SBP on ileal and faecal digestibility using two fibre methodologies 
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(considering mucin contamitation), intestinal mucin concentration, and caecal weight and 

pH. 

 

5.2. Material and methods 

 

5.2.1. Diets 

Four semi-synthetic diets were formulated to isolate the effect of soluble and 

insoluble SBP fibrous fractions. All diets met or exceeded growth requirements (de Blas 

and Mateos, 2010) and contained similar crude protein (CP) and aNDFom-cp level. The 

control diet was based on sunflower hulls (SOS group, Andújar, Spain), wheat straw 

(Pagran, PITE S.A., Tordesillas, Spain) and lignocellulose (Arbocel
®
 RC fine, Rettenmaier 

& Söhne, Rosenberg, Germany), ingredients with small amount of soluble and fermentable 

insoluble fibre that are required to warrant an adequate rate of passage (Gidenne et al., 

2010). They were combined with ingredients free of fibre as industrial grade casein 

(Naarden Agro Products BV, Nijkerk, Holland), purified wheat starch (AB Amilina, 

Panevezys, Lithuania) and soybean oil (Table 5.1). The effect of SBP soluble fibre was 

studied by replacing 6% of wheat starch from control diet by SBP pectin (Betapec RU 301, 

Herbstreith & Fox, Neuenbürg/Württ, Germany) obtaining the Pectin diet. To assess the 

effect of insoluble SBP fibre, sunflower hulls, wheat starch and lignocellulose were 

replaced (by 39%) from control diet by insoluble SBP fibre (insoluble residue of Fipec
®
, 

Nordic Sugar, Copenhagen, Denmark). The insoluble fibre fraction of SBP was obtained 

boiling Fipec
®

 for 1 h with 0.4 kg sodium alkyl sulphate, 100 g EDTA and 13.5 L water 

per kg, with a pH value of 7 adjusted with NaOH. Afterwards, it was successively filtered 

through a nylon material 46 µm pore size and washed overnight to remove only soluble 

constituents. Subsequently, it was dried at 70ºC and grounded. Additionally, 1.5% 

saccharose was included to replace its lost during soluble fibre solubilization. To study the 

combined effect of soluble and insoluble SBP fibre, the sunflower hulls, wheat straw and 

lignocellulose, wheat starch, and casein were partially replaced from control diet by SBP 

(Fipec
®
) obtaining the SBP diet. Alfalfa hay marked with Yb2O3 was included (5 g/kg) in 

all diets to determine the ileal apparent digestibility (CIAD). Ingredients and chemical 

composition of the experimental diets are shown in Table 5.1, and chemical composition of 

fibrous ingredients in Table 5.2.  
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Table 5.1.  Ingredient and chemical composition of experimental diets 
 Experimental diets 

 
Control Pectin 

Insoluble sugar 

beet pulp 

Sugar beet 

pulp 

Ingredients, g/kg (as feed)     

Wheat straw 180 180 111 111 

Sunflower hulls 180 180 111 111 

Sugar beet pulp — — — 260 

Insoluble sugar beet pulp
1
 — — 140 — 

Pectin from sugar beet pulp
2
 — 60.0 — — 

Wheat starch 360 300 360 267 

Casein 154 154 156 144 

Lignocellulose
3
 50.0 50.0 31.0 31.0 

Saccharose — — 15.0 — 

Alfalfa hay-Yb 5.0 5.0 5.0 5.0 

Soy bean oil 37.5 37.5 37.5 37.5 

Sodium chloride 7.0 7.0 7.0 7.0 

Calcium phosphate 9.0 9.0 9.0 9.0 

Calcium carbonate 9.0 9.0 9.0 9.0 

DL-methionine 1.0 1.0 1.0 1.0 

Sepiolite
4 

2.5 2.5 2.5 2.5 

Mineral-vitamin premix
5
 5.0 5.0 5.0 5.0 

Analysed composition, g/kg of DM     

DM 929 935 928 935 

Ash 56.1 52.9 51.2 54.1 

CP 168 165 167 168 

CP-Total dietary fibre 24.5 30.6 30.3 26.9 

CP-IDF 12.5 12.5 17.1 16.2 

CP-NDF 8.7 11.7 17.0 12.4 

EE 50 55 49 52 

Starch 365 306 378 273 

Total dietary fibre  344 398 354 400 

Insoluble fibre      

Insoluble dietary fibre (IDF) 327 322 330 349 

aNDFom-cp 314 315 312 318 

ADF 198 195 195 202 

ADL 48.4 43.8 33.4 43.8 

Soluble fibre     

TDF−IDF 16.9 75.9 23.2 51.3 

TDF−aNDFom-cp 30.3 82.9 42.2 82.3 

GE, MJ/kg DM 19.1 19.3 19.1 19.1 

Physical properties     

Swelling, L/kg of DM 4.47 5.29 5.63 5.87 

Water-binding capacity, kg/kg of DM 2.98 3.52 3.87 4.01 

Calculated composition, g/kg of DM
6
     

Sugars 4.1 4.1 18.9 19.7 

Lysine 12.2 12.5 13.0 12.9 

Methionine 5.0 5.1 5.2 5.1 

Methionine + cysteine 5.8 5.9 6.1 6.2 

Threonine 6.7 6.9 7.3 7.5 

Calcium 8.2 8.2 9.2 10.5 

Phosphorus 4.0 4.0 3.9 4.0 

Sodium 3.3 3.3 3.5 3.7 
1Residue from SBP after washing (in hot NDF solution), filtration and dried.2 Betapec®. 3 Arbocel®. 4 Exal® provided by Tolsa, Madrid, 

Spain. 5 Provided by Trouw Nutrition, Tres Cantos, Spain. Mineral and vitamin composition (per kg of complete diet). 240 mg of S; 240 

mg Mg as MgO; 20 mg of Mn as MnO; 75 mg of Zn as ZnO; 18 mg of Cu as CuSO4·5H2O; 1.1 mg of I as KI; 0.495 mg of Co as 
2CoCO3.3Co(OH)2·H2O; 0.06 mg of Se as Na2SeO; 78 mg of Fe as FeCO3; 12,000 UI of vitamin A; 1,080 UI of vitamin D3; 45 mg of 

vitamin E as DL-alfa-tocoferol acetate; 1.2 mg of vitamin K; 2 mg of vitamin B1; 6 mg of vitamin B2; 2 mg of vitamin B6; 10 mcg of 

vitamin B12; 40 mg of Niacin; 20 mg of calcium pantothenate; 18.4 mg of pantothenic acid; 5 mg of folic acid; 75 mcg of biotin; 260 
mg of Choline chloride; 60 mg of robenidine hydrochloride;  0.12 mg of butylhydroxyanisole; 1.32 mg of butylhydroxytoluene; 0.192 

mg of ethoxyquin; and  0.507 g of sepiolite.6 Calculated values according to Fundación Española para el Desarrollo de la Nutrición 

Animal (FEDNA, 2010) 
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Table 5.2. Chemical composition of the fibrous ingredients used in experimental diets, 

g/kg DM 

Item 

Sugar 

beet 

pulp
1
 

Insoluble 

Sugar 

beet pulp
2
 

Pectin
3
 

Ligno-

cellulose
4
 

Sunflower 

hulls 

Wheat 

Straw 

DM 935 963 905 911 948 951 
Ash  51.0   32.7   42.0     5.61   30.4   79.1 
CP   86.3 103   53.1     4.7   47.6   28.0 
CP-TDF   39.4   39.3   16.2   20.9   32.4   27.9 
CP-IDF   34.8   42.6 -   13.5   21.2   18.1 
CP-NDF   44.3   84.6 -     4.6   15.8   15.4 
Total dietary fibre (TDF) 646 805 934 959 841 785 
Insoluble dietary fibre (IDF) 541 782   10.7 944 810 747 
aNDFom-cp 369 733     6.4 922 793 748 
ADF 244 494     1.5 746 565 425 
ADL    9.14   23.8     0 185 190   46.5 
Soluble fibre

5 
278   72.7 928   36.7   48.0   37.2 

1
Fipec

®
. 

2
Residue from SBP (Fipec

®
) after washing (in hot NDF solution), filtrated, and dried. 

3
Betapec

®
. 

4
Arbocel

®
. 

5 
TDF-aNDFom-cp. 

 

5.2.2. Animal and housing 

  Crossbred (New Zealand White  Californian, UPV hybrid) healthy fattening 

mixed sex rabbits were used in all experiments. The rabbits used for faecal digestibility 

trial were kept in wire metabolic cages (405  510  320 mm) that allowed separation 

faeces and urine. Rabbits had always ad libitum access to the feed and water. The housing 

conditions were controlled during the whole experiment period. These were a 12 h light: 

dark cycle and temperature between 17 ºC and 22 ºC. To achieve these conditions 

continues forced ventilation and heating and cooling systems were combined. 

Experimental procedures were approved by the Ethic Committee of the Universidad 

Politécnica de Madrid according to the principles for care of animals in experimentation 

(Spanish Royal Decree, 53/2013, BOE, 2013). 

 

5.2.3. Digestibility and digestive traits trial 

Fifty-six (14/diet) fattening mixed-sex rabbits weighing 2.40 ± 0.213 kg (mean ± 

standard deviation) were blocked by litter and randomly assigned to four experimental 

diets. After 7 d of adaptation period, feed intake was recorded and faeces collected during 

4 consecutive days (9 rabbits/diet) to determine the coefficient of total tract apparent 

digestibility (CTTAD) of DM, CP, TDF, insoluble dietary fibre (IDF), neutral detergent 

fibre corrected by ash and CP (aNDFom-cp), and soluble fibre estimated as TDF−IDF or 

TDF−aNDFom-cp. The faecal mucin content was also determined. 
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On day 12, all the animals were slaughtered by contusion cervical dislocation 

between 19:00 and 21:00 h in order to avoid the caecotrophy period. The whole 

gastrointestinal tract was removed and weighed. The stomach and the caecum were 

extracted and weighed with their contents. The stomach and caecal pH were measured. The 

last 20 cm of the ileum was taken and the ileal contents were removed by gentle squeezing, 

frozen, freeze-dried and grounded. Due to the small quantity available these samples were 

pooled in groups of 2-3 rabbits of the same treatment (5 pools/treatment) to analyze 

Ytterbium and CP, and calculate CIAD of DM and CP according to Gómez-Conde et al. 

(2007). Once done these determinations, a fixed amount of ileal digesta of each treatment 

was mixed in one pool per treatment to analyse TDF, IDF, aNDFom-cp, and soluble fibre 

content to determine their CIAD (Abad-Guamán et al., 2013). Additionally, the mucin 

content was also determined in ileal digesta, in order to correct TDF and soluble fibre 

digestibility (Abad  et al., 2013 –Chapter 3; Abad-Guamán et al, 2015 –Chapter 4). Ileal 

mucin flow was calculated applying the ileal mucin concentration obtained to the ileal flow 

of DM of each pool (5/treatment). 

 

5.2.4. Analytical methods 

AOAC (2000) procedures were used to determine DM (934.01), ash (942.05), CP 

(968.06), TDF (985.29), and IDF (991.42). Dietary NDF, ADF, and ADL were determined 

sequentially by using the filter bag system (Ankom Technology, New York) proposed by 

Mertens (2002), AOAC (2000; procedure 973.187) and Van Soest et al (1991), 

respectively. The residual of NDF was corrected for ash and protein (aNDFom-cp). The 

soluble fibre was calculated by difference as TDF-IDF or TDF- aNDFom-cp. Diets were 

analyzed in triplicate, whereas ileal digesta and faeces were analyzed in duplicate. One 

gram of ileal content and three grams of faeces were used to analyse crude mucin. It was 

determined according to the method of precipitation with ethanol as described by Laterme 

et al. (1998) and Romero et al. (2011), and using pectinase (Sigma P2401) to remove 

soluble fibre as described by (Abad et al., 2013 – Chapter 3). Besides, ytterbium content of 

diets and ileal digesta were assessed by atomic absorption spectrometry (Smith Hieftje 22, 

Thermo Jarrel Ash, MA) (García et al., 1999). 
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5.2.5. Statistical analysis 

Intestinal mucin production, and DM digestibility (ileal and faecal) were analysed 

by a GLM procedure (SAS Inst. Inc., Cary, NC) with the diet as the main source of 

variation. 

Repeated measures analysis was used to analyse the results obtained for apparent 

ileal and faecal digestibility using a mixed model (SAS Inst. Inc., Cary, NC). The model 

for CP, and TDF digestibility included, as fixed sources of variation: 1) the diet, 2) the 

mucin correction, and 3) their interactions. The model for insoluble fibre digestibility 

included, as fixed effects: 1) the diet, 2) the method, and 3) their interactions. The fixed 

effects of the model for soluble fibre digestibility were: 1) the diet, 2) the mucin correction, 

3) the fibre method, and 4) their interactions. The model for daily fermented fibre (once 

corrected for mucin) included: 1) DMI as covariate, 2) the diet, 3) the fibre fraction 

(insoluble vs. soluble), and method as fixed sources of variation. In all cases, the rabbit 

was included as a random variable in the model. A compound symmetry structure was 

fitted because it showed the lowest value of the Schwarz Bayesian criterion (Littell et al., 

1998). 

The model for the ileal flow of dietary components and mucin have as sources of 

variation: 1) the DMI as a covariate, and 2) the diet, and 3) for insoluble and mucin 

corrected soluble fibre also contained the method. In these models, all the interactions 

among the fixed factors were also considered.  

The digestion traits and growth performance were analysed as a completely 

randomized block design, with the diet as the main source of variation and the litter as a 

block. The data are presented as least squares means, and they were compared using a 

protected t-test. Significant differences were accepted if P  0.05. 

 

5.3. RESULTS  

Dry matter intake was similar for all rabbits (139 g DM/d), but for those fed 

insoluble SBP diet where it decreased by 11% (Table 5.3). Ileal flow of crude mucin was 

higher for rabbits fed SBP diet compared to control group (P ≤ 0.028), whereas the pectin 

and insoluble SBP groups showed intermediate values. However, faecal flow of crude 

mucin was not affected by the diet. The coefficient of caecal apparent crude mucin 

degradation was high, averaging 0.95. Crude mucin contained 113 and 217 g CP/kg of dry 

ileal digesta and faeces, respectively.  
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No differences were detected between the CIAD of DM (0.511 on average), but 

CTTAD of DM digestibility was 6% lower (P < 0.01) in animals fed control and pectin 

diets than in animals fed insoluble SBP and SBP diets (0.649 vs. 0.689, respectively, Table 

5.4). The CIAD and CTTAD of CP were not affected by the diet (0.711 and 0.852, 

respectively). When ileal CP was corrected for the CP of ileal crude mucin the CIAD of 

CP increased by 0.035 units (P < 0.001), whereas the CTTAD increased only by 0.003 

units when the CP from faecal crude mucin was considered (P < 0.001). 

 No effect was detected among rabbits fed different diets on the CIAD of TDF, but it 

increased by 0.095 units when it was corrected for crude mucin (P < 0.01. Table 5.4). Only 

the CIAD of TDF for SBP diet (when it was corrected for crude mucin) was different than 

0 (P = 0.028) due to the high residual variability observed (SEM = 0.113). For this reason, 

there were no difference among diets for the fermented TDF before the caecum, although it 

ranged from 2.5 to 14.7 g/d (for control and SBP groups. Fig. 5.1).  

 

Table 5.3. Effect of insoluble and soluble fibre of sugar beet pulp on ileal and faecal mucin 

content in fattening rabbits 

 

Experimental diets 

SEM
1
 P-value 

Control Pectin 

Insoluble 

sugar beet 

pulp 

Sugar 

beet 

pulp 

Dry matter intake
3
, g/d 142

a
 140

a
 124

b
 136

a
  3.71   0.012 

Ileal crude mucin       

g DM/kg dry ileal digesta   83.3 133 111 144    −      − 

g DM/day     4.79
c
   8.63

ab
     6.65

bc
    9.03

a
  1.01   0.028 

g/kg of DMI   36.6
c
  63.6

ab
   47.2

bc
  67.6

a
  7.11   0.024 

CP, g/kg of dry ileal mucin 119 110 114 107    −      − 

Faecal crude mucin,        

g DM/kg of dry faecal digesta    6.96   7.61     7.62   7.30  0.995   0.96 

g DM/day    0.331   0.365     0.310   0.309  0.045   0.83 

g/kg of DMI    2.46   2.66     2.43   2.29  0.360   0.91 

CP, g/kg of dry faecal mucin 225 211 219 213    −      − 

Apparent caecal fermentation    0.935 0.957     0.953   0.966    −      − 
1
 Standard error of the mean. n = 9 rabbits/diet for dry matter intake (4 d period before slaughter) and faecal 

crude mucin, and n = 5 pools/diet for ileal crude mucin. 
a – c

 Means in a row not sharing a common 

superscript differ (P <0.05) 
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Table 5.4. Effect of insoluble and soluble fibre of sugar beet pulp and mucin correction on 

the apparent ileal and faecal DM, CP and total dietary fibre digestibility in fattening rabbits 

 
DM CP Total dietary fibre 

Mucin correction  No Yes No Yes 

Apparent ileal digestibility      

Experimental diets    

 
 

Control 0.532 0.719 0.745 -0.019 0.053 

Pectin 0.504 0.711 0.753  0.031 0.141 

Insoluble Sugar beet pulp 0.520 0.682 0.714  0.063 0.155 

Sugar beet pulp 0.484 0.665 0.704  0.149 0.254 

Average 0.511 0.694 0.729  0.056 0.151 

SEM
1
     

Diet 0.053 0.041 0.113 

Mucin correction − 0.002 0.005 

Diet × Mucin correction − 0.041 0.113 

P-value   
 

Diet 0.94 0.81 0.70 

Mucin correction − <0.001 <0.001 

Diet × Mucin correction − 0.150 0.26 

Total tract apparent digestibility    

Experimental diets      

Control 0.645
b
 0.859 0.862 0.158

c
 0.163

c
 

Pectin 0.653
b
 0.851 0.855 0.307

b
 0.311

b
 

Insoluble SBP 0.692
a
 0.849 0.852 0.317

b
 0.321

b
 

SBP 0.685
a
 0.845 0.847 0.378

a
 0.381

a
 

Average 0.667 0.851 0.854 0.290 0.294 

SEM
2
     

Diet 0.006 0.006 0.010 

Mucin correction − 0.0001 0.0002 

Diet × Mucin correction − 0.006 0.010 

P-value    

Diet <0.001 0.46 <0.001 

Mucin correction − <0.001 <0.001 

Diet × Mucin correction − 0.72 0.86 
1
 Standard error of the mean: n=5 pools/diet. 

2
 Standard error of the mean: n=9 rabbits/diet. 

a-c
 Within a 

column for each variable, means without a common superscript letter differ (P<0.05). 

 

The CTTAD of TDF was positive and different than 0 for all diets (P < 0.01). The 

CTTAD of TDF increased by 93% (P < 0.01) when soluble or insoluble SBP were 

included (pectin or insoluble SBP diets) compared to control diet, and even more (by 

136%. P < 0.001) when both soluble and insoluble SBP was included (SBP diet). Once 

corrected for mucin content CTTAD of TDF increased by 0.004 units. Half of digestible 

TDF (corrected for mucin) was fermented before the caecum (P < 0.01). However, it 

depended on the type of diet varying from 33 to 67%, for TDF from control and SBP diet, 

respectively. Rabbits fed pectin and insoluble SBP diets fermented in the digestive tract 

around double amount of TDF than those from control group (16.8 and 15.0 vs. 7.3 g/d, 
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respectively. P < 0.001), and rabbits fed SBP diet almost fermented three-fold the TDF 

fermented by control group (20.4 vs. 7.3 g/d. P < 0.001). The CIAD of insoluble fibre was 

no affected by the diet (P = 0.69), but by the fibre methodology (Table 5.5). The CIAD of 

insoluble fibre measured with IDF was 13% higher than that measured with aNDFom-cp 

(0.123 vs. 0.108. P < 0.01). However, it depended on the type of diet, because the 

differences were higher for insoluble SBP and SBP diets than for control and pectin diets 

(0.022 vs. 0.007 units. P < 0.001). Anyway, the amount of insoluble fibre fermented before 

the caecum did not differ between both methods (5.4 and 4.4 g/d, for IDF and aNDFom-cp, 

respectively).  

 

Figure 5.1. Effect of insoluble and soluble fibre of sugar beet pulp (Control [■], Pectin [▨], 

Insoluble SBP [▩], or SBP diet [□]) on the daily total dietary fibre (TDF) fermented (g 

TDF/d, corrected for mucin content and considering the DMI as covariate). Values are 

means±SEM (7.96 ± 5.39, 6.74 ± 5.41 and 14.7 ± 0.5 for ileum, caecum and total. n = 5 

and 9 for ileal and total fermented TDF. Caecal values were obtained as the difference 

between total and ileal values considering an additive variability). Within each section 

mean values with a different letter differ (P < 0.05). 

 

Rabbits fed insoluble SBP and SBP diets showed the highest CTTAD of insoluble 

fibre (0.266 on average and 151% higher than control group), whereas those fed pectin diet 

had a value 47% higher than control group (P < 0.001). The CTTAD of insoluble fibre 

measured with IDF was higher than that measured with aNDFom-cp (by 20%. P < 0.001), 

being the largest difference observed for SBP group. Consequently the amount of insoluble 

fibre fermented along the digestive tract were different depending on the method used (9.5 

or 7.5 g/d when calculated as IDF or aNDFom-cp, respectively; P<0.001). According to 

these results, more than half of the total fermented insoluble fibre (58%) occurred before 

the caecum, ranging from 31% (pectin group) to 74% (SBP group) (Fig. 5.2). 
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Table 5.5. Effect of insoluble and soluble fibre of sugar beet pulp, mucin correction and 

fibre methodology on ileal and faecal insoluble and soluble fibre digestibility in fattening 

rabbits 

 
Insoluble fibre Soluble fibre 

Fibre methodology IDF aNDFom-cp TDF-IDF TDF-aNDFom-cp 

Mucin correction   No Yes No Yes 

Apparent ileal digestibility       

Experimental diets 
      

Control 0.061 0.053 -1.56
b
 -0.090

b
 -0.780

b
 0.051

b
 

Pectin 0.055 0.049 -0.073
a
 0.509

a
 -0.036

a
 0.497

a
 

Insoluble Sugar beet pulp 0.151 0.131 -1.19
b
 0.213

ab
 -0.436

ab
 0.336

ab
 

Sugar beet pulp 0.223 0.199 -0.363
a
 0.461

a
 -0.047

a
 0.466

a
 

Average 0.123 0.108 -0.796 0.273 -0.325 0.337 

SEM
1
    

Diet 0.112 0.133 

Mucin correction or fibre methodology 0.001 0.023 

Diet × mucin correction − 0.140 

Diet × fibre methodology 0.112 0.140 

Diet × mucin correction × methodology − 0.148 

P-value 

 
 

Diet 0.69 0.002 

Mucin correction − <0.001 

Fibre methodology <0.001 <0.001 

Diet × Mucin correction − <0.001 

Diet × Fibre methodology <0.001 <0.001 

Mucin correction × F. methodology − <0.001 

Diet × mucin correction × methodology − 0.018 

Total tract apparent digestibility   

Experimental diets       

Control 0.122
c
 0.090

c
 0.863 0.950 0.876 0.925 

Pectin 0.162
b
 0.150

b
 0.929 0.951 0.911 0.930 

Insoluble sugar beet pulp 0.278
a
 0.240

a
 0.875 0.938 0.894 0.929 

Sugar beet pulp 0.302
a
 0.243

a
 0.896 0.924 0.900 0.917 

Average 0.216 0.180 0.891 0.941 0.895 0.925 

SEM
2 
   

Diet 0.011 0.013 

Mucin correction or fibre methodology 0.001 0.007 

Diet × mucin correction − 0.014 

Diet × fibre methodology 0.011 0.014 

Diet × mucin correction × methodology − 0.017 

P-value   

Diet <0.001 0.50 

Mucin correction − <0.001 

Fibre methodology <0.001 0.43 

Diet × mucin correction − 0.038 

Diet × fibre methodology <0.001 0.61 

Mucin correction × fibre methodology − 0.145 

Diet × mucin correction × methodology − 0.75 
1
 Standard error of the mean: n=5 pools/diet. 

2
 Standard error of the mean: n=9 rabbits/diet.  

a-c
 Within a column for each variable, means without a common superscript letter differ (P<0.05). 
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All CIAD values of soluble fibre were negative (Table 5.5). These values became 

positive after its correction for mucin content, increasing by 0.86 units (P < 0.001). Once 

corrected for mucin content, rabbits fed soluble fibre from SBP (pectin and SBP groups) 

showed higher CIAD of soluble fibre (by 0.5 units) than control group, whereas the value 

for insoluble SBP group was intermediate. A interaction diet x mucin correction x fibre 

methodology was found for CIAD of soluble fibre (P = 0.018) because the differences 

between mucin corrected TDF-IDF and TDF-aNDFom-cp were small for rabbits fed pectin 

and SBP diets compared to control and insoluble SBP groups, whereas for uncorrected 

values these differences were larger. As a consequence of these results, the amount of 

fermented soluble fibre (once corrected for mucin) before the caecum was similar or lower 

than the fermented insoluble fibre for rabbits fed the control diet (0.05 vs. 2.4 g/d. P = 

0.36), insoluble SBP diet (1.0 vs. 4.7 g/d. P = 0.15), pectin diet (5.4 vs. 2.1 g/d. P = 0.19) 

and SBP diet (2.7 vs. 10.4 g/d. P = 0.013) (Fig. 5.2). The CTTAD of soluble fibre was 

similar among diets (Table 5.5). It increased by 0.040 units after correction for mucin 

content (P< 0.001) being this correction higher for rabbits fed low soluble fibre (control 

and insoluble SBP diets), leading to an interaction diet x mucin correction (P = 0.038).  

These results indicated that the fermented insoluble fibre along the digestive tract was 

higher than the fermented soluble fibre for rabbits fed all diets but pectin diet (Fig. 5.2).  

There was no dietary effect on the ileal flow of DM, CP and TDF (Table 5.6). Ileal 

flow of insoluble fibre was lower when calculated with aNDFom-cp than with IDF (1.4 

g/d) especially for rabbits fed SBP diet, leading to an interaction diet x fibre methodology 

(P < 0.001). Ileal flow of soluble fibre increased by 1.4 g/d when increased as TDF-

aNDFom-cp compared to TDF-IDF (P < 0.001). Rabbit fed low soluble fibre diets showed 

the lowest ileal flow of soluble fibre, whereas, the highest values were for those fed pectin 

and SBP diets, depending their relative values on the method used. 

Dietary treatment did not affect (P = 0.18) final body weight at slaughter (2617 g, 

on average. Table 5.7). Rabbits fed with SBP and insoluble SBP diets showed higher total 

digestive tract and stomach relative weight than those fed pectin and control diets (by 11 

and 56 %, respectively). The caecal relative weight (g/ kg BW) did not differ (P > 0.05) in 

rabbits fed pectin, insoluble SBP, and SBP diets (62 g/ kg BW, as average) but their 

average value was 16% higher (P < 0.001) than that of control group. Dietary treatments 

did not affect (P = 0.15) the stomach pH (1.88 as average). Caecal content of rabbits fed 

SBP diet was more acid than those fed control diet (P < 0.001), whereas those from pectin 

and insoluble SBP diets showed intermediate values.  
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Table 5.6. Effect of insoluble and soluble fibre of sugar beet pulp and fibre methodology on ileal flow (g/d) of DM, CP, total, soluble (both 

corrected for mucin) and insoluble fibre in fattening rabbits 

 
   Insoluble fibre Soluble fibre 

Fibre methodology DM CP TDF IDF aNDFom-cp TDF-IDF TDF-aNDFom-cp 

Experimental diets        

Control 62.3 6.14 43.2 40.9 39.5 2.40
b
 3.82

c
 

Pectin 66.8 6.40 45.8 40.8 40.2 4.99
a
 5.61

ab
 

Insoluble sugar beet pulp 68.1 7.88 43.0 40.2 39.0 2.68
b
 3.90

bc
 

Sugar beet pulp 68.8 8.10 44.1 40.0 37.5 4.07
ab

 6.51
a
 

Average 66.3 7.08 44.0 40.5 39.1 3.54 4.96 

SEM
1 

     

Diet 7.16 0.89 4.73 4.80 0.587 

Fibre methodology − − − 0.081 0.081 

Diet × fibre methodology − − − 4.80 0.598 

P-value      

DMI 0.048 0.032 0.041 0.035 0.138 

Diet 0.93 0.42 0.98 0.99 0.019 

Fibre methodology − − − <0.001 <0.001 

Diet × fibre methodology − − − <0.001 <0.001 
1
 Standard error of the mean: n = 5 rabbits/diet. 

a-c
 Within a column for each variable, means without a common superscript letter differ (P<0.05). 
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Table 5.7. Effect of insoluble and soluble fibre of sugar beet pulp on digestive traits of 

fattening rabbits 

 
Experimental diets 

 
 

 
Control Pectin 

Insoluble 

sugar beet 

pulp 

Sugar 

beet pulp 
SEM

1
 

P-

value 

Body weight, g 2678 2577 2555 2660 45.9   0.18 

Weight of full organs (g/kg BW) 

Total digestive tract   163
b
   166

b
   182

a
   184

a
   3.90 <0.001 

Stomach  28.0
b
   24.9

b
     40.9

a
     41.8

a
   2.03 <0.001 

Caecum  52.0
b
   61.1

a
     62.6

a
     62.0

a
   1.48 <0.001 

Stomach pH  1.74   1.76       2.13       1.84   0.134   0.154 

Caecal pH    6.03
a
  5.89

b
       5.89

b
     5.64

c
   0.047 <0.001 

1
 Standard error of the mean (n = 14). 

a – c
 Means in a row not sharing a common superscript differ (P <0.05).

  
 

 

 

5.4. Discussion  

The substitution of insoluble and lignifed fibrous ingredients (sunflower hulls and 

wheat straw) for SBP sharply increased the ileal flow of mucin production in agreement 

with previous observations in pigs (Piel et al., 2007) or rabbits (Abad-Guamán et al., 2015 

–Chapter 4). The inclusion of pectin and, in a lesser extent, of insoluble fibre from SBP 

also showed a positive effect on ileal flow of mucin, although more moderated than using 

SBP. It might suggest that both fibre fractions of SBP act additively to produce the global 

effect on intestinal mucin production. In fact, the traits best correlated with ileal mucin 

flow were the soluble fibre fermented before the caecum or dietary soluble fibre (both 

calculated as TDF-aNDFom-cp and r = 0.97 and P = 0.028). The dietary TDF 

concentration and the ileal flow of soluble fibre were also correlated with the ileal mucin 

flow (r ≥ 0.914; P ≤ 0.086; n = 4). When the soluble fibre was quantified as TDF-IDF these 

correlations decreased (r ≤ 0.88; P ≥ 0.12; n = 4). 

The intestinal mucin fermented extensively in the caecum, even in a higher 

proportion than that reported by Abad-Guamán et al. (2015 –Chapter 4; 0.95 vs. 0.87, on 

average). In fact, some of the most frequent isolated caecal bacteria (Bacteriodes spp.) are 

the most active genera in mucin digestion (Hill, 1986; Sirotek et al., 2003). The correction 

for intestinal mucin content of CIAD of TDF and soluble fibre revealed again its 

importance to estimate more accurately their degradation before the caecum (Abad-

Guamán et al., 2015 –Chapter 4). 
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Figure 5.2. Effect of insoluble and soluble fibre of sugar beet pulp (Control [■], Pectin [▨], 

Insoluble SBP [▩], or SBP diet [□]) on the daily total soluble and insoluble fibre fermented 

(g/d, soluble fibre corrected for mucin content and considering the DMI as covariate). 

Values are means ± SEM (3.81 ± 3.09, 3.63 ± 3.10 and 7.44 ± 0.28 for ileum, caecum and 

total. n = 5 and 9 for ileal and total fermented TDF. Caecal values were obtained as the 

difference between total and ileal values considering an additive variability). Within each 

section and type of fibre mean values with a different letter differ (P < 0.05). * Within each 

segment indicates that mean fibre fraction values for each type of diet fibre differ (P < 

0.05). 

 

The replacement of sunflower hulls and wheat straw for SBP improved CTTD of 

TDF (corrected for mucin). It was accounted for the higher faecal insoluble fibre 

digestibility of SBP compared to these sources of fibre, and for its higher soluble fibre 

content, because faecal soluble fibre digestibility was similar for all diets.  It would seem 

that SBP inclusion improved the insoluble fibre digestibility before the caecum, even 

rendering more insoluble than soluble fibre fermented before the caecum (P = 0.065), but 

the high variability found avoid a conclusive statement. On the opposite, it seems that SBP 

inclusion might increase the amount of fermentable soluble fibre before the caecum. The 

combination of pectin with the insoluble and low fermentable sunflower hulls and wheat 

straw (pectin diet) improved the fermentability of insoluble fibre, raising the question if 

soluble fibre might favour insoluble fibre degradability, although insoluble SBP fibre 

showed similar digestibility in rabbits fed insoluble SBP or SBP diets. 

There were some differences for insoluble and soluble fibre digestibility when 

using IDF or aNDFom-cp but they were relatively low and with a minor nutritional 
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relevance as previously reported by Abad-Guamán et al. (2015 –Chapter 4). In fact, the 

results obtained with both methods were highly correlated (r = 0.95 and 0.97 for ileal and 

faecal insoluble fibre digestibility, respectively, and 0.96 for ileal soluble fibre 

digestibility, P < 0.001), but for faecal soluble digestibility where the correlation was lower 

(r = 0.37; P  = 0.026). 

The inclusion of SBP exerted a higher reduction in caecal pH than the inclusion of 

only one of its fibre fractions. Caecal pH is an indirect indicator of caecal microbial 

fermentation that depends on the substrate available for microbiota. The main traits that 

accounted for the variability of caecal pH were digestible aNDFom-cp and dietary uronic 

acids (73% of the variability explained. García et al., 2002) or soluble fibre or level of SBP 

inclusion (Trocino et al., 2013b). In the current work, no correlation was found between 

the amount of fermented caecal TDF (calculated by difference between faecal fermented 

and ileal fermented TDF, corrected both for mucin), alone or with the addition of mucin 

fermented in the caecum, and caecal pH (P ≥ 0.55). However, the amount of total TDF 

fermented in the digestive tract tended to be negatively correlated with caecal pH (r = -

0.91. P = 0.093). The consideration of the amount of mucin fermented in the caecum did 

not improve this correlation. However, the amount of TDF fermented before the caecum 

correlated even better with caecal pH (r = -0.99. P = 0.01). These results suggests that part 

of the apparent fibre digestibility observed before the caecum might be rather a fibre 

solubilisation than a real degradation as hypothesized by Abad-Guamán et al. (2015 –

Chapter 4). In this way, the supplementation of a wheat distillers dried grains with solubles 

based pig diets with xilanase increased the ileal concentration of plan cell wall 

oligosaccharides (Pedersen et al., 2015). A minor proportion of the insoluble fibre 

digestibility before the caecum may be explained by its partial solubilisation in the acid 

conditions of the stomach, as observed when determining the 2-step pepsin/pancreatin in 

vitro NDF digestibility (from 0.047 to 0.018 for SBP and control diets, respectively; 

unpublished data). 

The inclusion of any of the fractions of SBP fibre or whole SBP increased the 

relative weight of the caecum compared to control group, whereas only rabbits fed diets 

containing insoluble SBP fibre (insoluble SBP and SPB diets) showed an increase in 

relative stomach weight that was not observed in those fed pectin diet. Proportionally, 

these effects might be more important for rabbits fed insoluble SBP diet because this group 

showed a lower DM intake, compared to pectin or SBP groups, even when CTTAD of DM 

of rabbits fed insoluble SBP or SBP diets were similar. It would suggest a greater 
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importance of insoluble SBP fibre on stomach filling compared to soluble SBP fibre, 

whereas both fractions would influence similarly caecal weight. Other authors found 

previously similar effects on stomach and caecal weight when including sugar beet or 

citrus pulp, due to the difficulty of gastric evacuation and higher caecal accumulation of 

digesta (Fioramonti et al., 1979; Fraga et al., 1991; García et al., 1993; Carabaño et al., 

1997; Gómez-Conde et al., 2009).  

In conclusion, the positive effect of SBP fibre on ileal mucin flow was mainly due 

to its soluble fibre fraction, but also to the insoluble one. Half of the soluble SBP fibre was 

degraded before the caecum independently it came from pectin or SBP. The caecal pH 

correlated better with the total amount of fermented TDF in the digestive tract rather than 

with that fermented in the caecum, indicating that an ileal fibre solubilisation rather than 

fermentation may occur. 
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VI. EFFECT OF SOLUBLE AND INSOLUBLE APPLE PULP FIBRE 

ON ILEAL AND FAECAL DIGESTIBILITY IN FATTENING 

RABBITS 
 

6.1. Introduction 

The increase of the level of dietary soluble/fermentable fibre, usually including 

sugar beet pulp (Trocino et al., 2013b), allows to limit the mortality associated to epizootic 

rabbit enteropathy. The soluble/fermentable fibre promotes positive changes in intestinal 

microbiota and gut barrier function (Gómez-Conde et al., 2007 y 2009; El Abed et al., 

2011b; Martínez-Vallespin et al., 2011a) that might account for the reduction of mortality. 

The fermentation/solubilization of soluble and insoluble fibre before the caecum might be 

also related to these effects (Abad-Guamán et al., 2015 –Chapter 4). 

There are other alternative ingredients to increase the level of soluble fibre in the 

diet like apple pulp. However, its soluble fibre content is lower and its insoluble fibre more 

lignified than that of sugar beet pulp (Abad et al., 2013 –Chapter 3; FEDNA, 2010), which 

may imply a lower fermentability, compared to sugar beet pulp, but there is no specific 

data about fibre digestibility of apple pulp fibre fraction in rabbits. 

The aim of this work was to examine the effect of soluble and insoluble apple pulp 

fibre on ileal and faecal fibre digestibility and other digestive traits. 

 

6.2. Material and methods 

 

6.2.1. Diets 

 Four semi-synthetic diets were formulated to isolate the effect of soluble and 

insoluble apple pulp fibrous fraction. All diets met or exceeded growth requirements (de 

Blas and Mateos, 2010) and contained similar concentration of crude protein (CP) and 

amylase neutral detergent fibre corrected for ash and protein (aNDFom-cp) (186 and 324 

g/kg DM on average). The control diet was based on oat hulls, wheat straw (Pagran, PITE 

S.A., Tordesillas, Spain) and lignocellulose (Arbocel® RC fine, Rettenmaier & Söhne, 

Rosenberg, Germany), ingredients with small amount of soluble and fermentable insoluble 

fibre. They were combined with ingredients free of fibre as industrial grade casein 

(Naarden Agro Products BV, Nijkerk, Poland), purified wheat starch (AB Amilina, 

Panevezys, Lithuania) and soybean oil (Table 6.1). The effect of apple pulp soluble fibre 

was studied by replacing 6% of wheat starch from control diet by pectin from apple pulp 

(Classic AU 202, Herbstreith & Fox, Neuenbürg/Württ, Germany) obtaining the apple 
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pectin diet. To assess the effect of insoluble apple pulp fibre, the depectinized apple pulp 

diet was obtained by the partial replacement of oat hulls, wheat straw and lignocellulose 

(38%), wheat starch (39%), and casein (6%) by depectinized apple pulp in the control diet 

(Herbstreith & Fox, Neuenbürg/Württ, Germany). To study the combined effect of soluble 

and insoluble apple pulp fibre, the apple pulp diet was formulated. It was obtained with the 

partial replacement of oat hulls, wheat straw and lignocellulose (38%), wheat starch (21%), 

and casein (6%) by apple pulp in the control diet. Alfalfa hay marked with Yb2O3 was 

included (5 g/kg) in all diets to determine the coefficient of ileal apparent digestibility 

(CIAD). Ingredients and chemical composition of the experimental diets are shown in 

Table 6.1. Chemical composition of fibrous ingredients is shown in Table 6.2. 

 

6.2.2. Animal and housing 

  Crossbred (New Zealand White  Californian, UPV hybrid) healthy fattening 

mixed sex rabbits were used in all experiments. The rabbits used for faecal digestibility 

trial were kept in wire metabolic cages (405  510  320 mm) that allowed separation 

faeces and urine. Rabbits had always ad libitum access to the feed and water. The housing 

conditions were controlled during the whole experiment period. These were a 12 h light: 

dark cycle and temperature between 17 ºC and 22 ºC. To achieve these conditions 

continues forced ventilation and heating and cooling systems were combined. 

Experimental procedures were approved by the Ethic Committee of the Universidad 

Politécnica de Madrid according to the principles for care of animals in experimentation 

(Spanish Royal Decree, 53/2013, BOE, 2013). 

 

6.2.3. Digestibility trial and other digestive traits 

Ninety-four (23/diet) fattening mixed-sex rabbits weighing 1.68 ± 0.23 kg (mean ± 

standard deviation) were blocked by litter and randomly assigned to four experimental 

diets. After 6 d of adaptation period to the diets, feed intake was recorded and faeces 

collected during 4 consecutive days to determine the coefficient of total tract apparent 

digestibility (CTTAD) of DM, CP, total dietary fibre (TDF), aNDFom-cp, and soluble 

fibre estimated as TDF−aNDFom-cp. The mucin content in faeces was determined in 

forty-four rabbits (11/diet).  
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Table 6.1. Ingredients and chemical composition of experimental diets 

 
Control Apple Pectin 

Depectinized 

apple pulp 

Apple 

pulp 

Ingredients, g/kg (as feed) 

    Lignocellulose 50 50 31 31 

Oat hulls 180 180 111 111 

Wheat straw 180 180 111 111 

Pectin from apple pulp − 60 − − 

Depectinized apple pulp − − 240 − 

Apple pulp − − 

 

300 

Wheat starch 341 281 268 208 

Casein 176 176 166 166 

Soy bean oil 37.5 37.5 37.5 37.5 

Alfalfa hay-Yb 5 5 5 5 

Sodium chloride 5 5 5 5 

Calcium carbonate 10 10 10 10 

Dicalcium phophate  10 10 10 10 

DL- methionine 1 1 1 1 

Mineral-vitamin premix
1
 5 5 5 5 

Analysed composition, g/kg DM 

DM 908 909 913 921 

Ash 48.3 50.0 58.3 46.0 

CP 184 185 185 189 

CP-TDF 14.8 16.7 29.9 31.2 

CP-NDF 13,4 18.2 30.2 32.4 

Total dietary fibre  369 426 398 420 

aNDFom-cp 320 321 327 327 

ADF 190 188 208 198 

ADL 37.8 38.2 58.3 50.2 

Soluble fibre
2
 46 105 71 93 

Calculated composition, g/kg DM 

Sugars 5.46 5.45 37.2 45.6 

Lysine 13.9 13.9 13.8 13.7 

Methionine 5.6 5.6 5.5 5.5 

Methionine + cysteine 6.5 6.5 6.5 6.5 

Threonine 7.6 7.6 7.6 7.6 

Calcium 8.0 8.0 8.3 8.2 

Phosphorus 4.3 4.3 4.4 4.4 

Sodium 2.4 2.4 2.4 2.4 

Physical properties 

    Content of fines, % 1.06 0.97 2.85 1.49 

Durability, % 97.9 97.2 96.7 97.2 

Pellet hardness, kg-F 17.4 14.5 11.8 12.1 
1 
Provided by Trouw Nutrition. Mineral and vitamin composition (per kg of complete diet). 240 mg of S; 240 mg 

Mg as MgO; 20 mg of Mn as MnO; 75 mg of Zn as ZnO; 18 mg of Cu as CuSO4·5H2O; 1.1 mg of I as KI; 0.495 

mg of Co as 2CoCO3.3Co(OH)2·H2O; 0.06 mg of Se as Na2SeO; 78 mg of Fe as FeCO3; 12,000 UI of vitamin A; 

1,080 UI of vitamin D3; 45 mg of vitamin E as DL-alfa-tocoferol acetate; 1.2 mg of vitamin K; 2 mg of vitamin 

B1; 6 mg of vitamin B2; 2 mg of vitamin B6; 10 mcg of vitamin B12; 40 mg of Niacin; 20 mg of calcium 

pantothenate; 18.4 mg of pantothenic acid; 5 mg of folic acid; 75 mcg of biotin; 260 mg of Choline chloride; 60 

mg of robenidine hydrochloride;  0.12 mg of butylhydroxyanisole; 1.32 mg of butylhydroxytoluene; 0.192 mg of 

ethoxyquin; and  0.507 g of sepiolite.
 2
 Soluble fibre calculated as TDF-aNDFom-cp. 

 3
 Calculated values according 

to Fundación Española para el Desarrollo de la Nutrición Animal (FEDNA, 2010).  
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Table 6.2. Chemical composition of the sources of fibre used in experimental diets, g/kg 

DM. 

Item 
Apple 

pulp 

Depectinized 

apple pulp 

Pectin 

from apple 

pulp
1 

Oat 

hulls 

Ligno-

cellulose
2
 

Wheat 

Straw
3
 

DM 932 929 909 933 911 951 

Ash 15.7 73.5 57.7 42.5 5.61 79.1 

CP 47.4 86.2 14.5 17.5 21.2 28.0 

CP-TDF 1.20 1.05 0.04 14.3 20.9 27.9 

CP-NDF 12.2 20.4 0.03 12.4 4.6 15.4 

Total dietary fibre 602 585 926 937 959 785 

aNDFom-cp 407 521 5.5 936 922 748 

ADF 287 407 4.1 454 746 425 

ADL 87.1 143 0 68.1 185 46.5 

Soluble fibre
4 

194 63.8 921 1.29 36.7 37.2 
1
 Classic AU 202

®
.  

2
Arbocel

®
 (data from chapter 5). 

3 
Data from chapter 5. 

4
TDF-aNDFom-cp 

 

Once finished the faecal digestibility period (day 10), all the animals were 

slaughtered by CO2 inhalation between 19:00 and 21:00 h in order to avoid the caecotrophy 

period. The whole gastrointestinal tract was removed and weighed. The stomach and the 

caecum were extracted and weighed with their contents. The stomach and caecal pH were 

measured. The last 20 cm of the ileum was taken and the ileal contents were removed by 

gentle squeezing. Then, both were frozen and freeze-dried. After, the samples were 

grounded. Due to the small quantity available these were pooled in groups of 2-3 rabbits of 

the same treatment (9/treatment) to analyze Ytterbium and CP, and calculate CIAD of DM 

and CP according to Gómez-Conde et al. (2007). Once done these determinations, a fixed 

amount of ileal digesta of each treatment was mixed in one pool per treatment to analyse 

TDF, aNDFom-cp, and soluble fibre content to determine their CIAD (Abad-Guamán et 

al., 2013). Additionally, the mucin content was also determined in ileal digesta, in order to 

correct TDF and soluble fibre digestibility (Abad et al., 2013; Abad-Guamán et al., 2015 – 

Chapter 3 and 4) . Ileal mucin flow was calculated applying the ileal mucin concentration 

obtained to the ileal flow of DM of each pool (9/treatment). 

 

6.2.4. Analytical methods 

AOAC (2000) procedures were used to determine DM (934.01), ash (942.05), CP 

(968.06), and TDF (985.29). Dietary NDF, ADF, and ADL were determined sequentially 

by using the filter bag system (Ankom Technology, New York) proposed by Mertens 

(2002), AOAC (2000; procedure 973.187) and Van Soest et al (1991), respectively. The 

residual of aNDFom was also corrected for protein (aNDFom-cp). The soluble fibre was 
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calculated by difference as TDF-aNDFom-cp. Diets were analyzed in triplicate, whereas ileal 

digesta and faeces were analyzed in duplicate. One gram of ileal content and three grams 

of faeces were used to analyse crude mucin. This was determined using the method of 

precipitation with ethanol as described by Laterme et al. (1998) and Romero et al. (2011), 

and using pectinase (Sigma P2401) to remove soluble fibre as described in the previous 

work (Abad et al., 2013 – Chapter 3). Besides, ytterbium content of diets and ileal digesta 

were assessed by atomic absorption spectrometry (Smith Hieftje 22, Thermo Jarrel Ash, 

MA) (García et al., 1999). Pellet hardness was determined in 20 pellets per diet, using a 

durometer (BONALS, Barcelona, Spain) 

 

6.2.5. Statistical analysis 

Intestinal mucin concentration, ileal and faecal DM digestibility, and aNDFom-cp 

digestibility were analysed by a GLM procedure (SAS Inst. Inc., Cary, NC) with the diet as 

the main source of variation. 

To analyse the results obtained for apparent ileal and faecal digestibility was used a 

mixed model (SAS Inst. Inc., Cary, NC). The model for CP, TDF, and soluble fibre 

digestibility included, as fixed sources of variation: 1) the diet, 2) the mucin correction, 

and 3) their interactions. The model for daily fermented fibre (once corrected for mucin) 

included as fixed sources of variation: 1) the diet, 2) fibre fraction (insoluble vs. soluble), 

and 3) their interaction. In all cases, the rabbit or the pool was included as a random 

variable in the model. A compound symmetry structure was fitted because it showed the 

lowest value of the Schwarz Bayesian criterion (Little et al., 1998).  

The model for the ileal flow of dietary components, and ileal or faecal nutrients 

(DM, CP an TDF) digested and digestive tract parameters had, as source of variation: the 

diet, and the DMI as a covariate. The data are presented as least squares means, and they 

were compared using a protected t-test. Significant differences were accepted if P  0.05. 

 

6.3. Results 

Dry matter intake was 14% higher for rabbits fed pectin and apple pulp respect to 

control diet (144 as average vs. 126 g/d), whereas the depectinized apple pulp diet showed 

an intermediate value (Table 6.3). Ileal flow of crude mucin increased by 27% for rabbits 

fed apple pectin and apple pulp diets compared to control and depectinized apple pulp 

group (27.2 vs. 34.5 g DM/kg dry matter intake. P = 0.002). However, faecal flow of crude 

mucin did not vary with the diet (0.37 g DM/d on average). The coefficient of caecal 
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apparent crude mucin degradation was high (0.91 on average). Ileal and faecal crude mucin 

contained 288 and 263 g of CP/kg, respectively.  

 

Table 6.3. Effect of insoluble and soluble fibre of apple pulp on feed intake and ileal and 

faecal mucin content in fattening rabbits. 

 

Experimental diets 
SEM

1
 P-value 

Control 
Apple 

Pectin 

Depectinized 

apple pulp 

Apple 

pulp 

DMI (g/d) 126
c
 146

a
      135

bc
 142

ab
 3.04 <0.001 

Ileal crude mucin       

g DM/kg dry ileal digesta   52.4   67.3 56.4  67.6 − − 

g DM/day    3.59
b
    4.65

a
      3.65

b
    4.66

a
 0.221 0.002 

g/kg of DMI  27.1
b
 34.6

a
 27.4

b
  34.5

a
 1.62 0.002 

CP, g/kg of dry ileal mucin 286 295     295 275 − − 

Faecal crude mucin,        

g DM/kg of dry faecal digesta 9.02 8.76 9.69 8.09 1.08 0.78 

g DM/day 0.353 0.386 0.381 0.350 0.044 0.89 

g/kg of DMI 3.50 3.41 3.24 2.89 0.394 0.71 

CP, g/kg of faecal mucin 265 257 263 265 − − 

Coefficient of apparent caecal 

fermentation of mucin  
0.902 0.917 0.896 0.925 − − 

1
Standar error of the mean, n = 9 pool/diet (2-3 rabbits/pool) for ileal crude mucin, and n = 

11 rabbits/diet for faecal crude mucin. 

 

There were no differences among the CIAD of DM of the different diet groups 

(0.493 on average). However, CTTAD of DM of rabbits fed depectinized apple pulp diet 

was 9% higher than for those fed control diet (0.665 vs. 0.612, respectively. P < 0.001. 

Table 6.4), whereas those fed apple pulp diet showed intermediate values (0.647). Type of 

diet did not affect the CIAD and CTTAD of CP (0.679 and 0.864 on average, 

respectively). When ileal CP was corrected for the CP of ileal crude mucin the CIAD of 

CP increased by 0.048 units (P < 0.001), especially for rabbits fed soluble fibre rich diets 

(pectin and apple pulp diets. P = 0.003), whereas the CTTAD increased by 0.005 units 

when the faecal CP mucin was considered (P < 0.001). The caecal apparent degradation 

was high (0.91 on average), crude mucin contained 228 262 g CP/kg dry ileal digesta and 

faeces respectively.  

 The CIAD of TDF tended to increase from rabbits fed control diet to those fed 

depectinized apple pulp and apple pulp diets (P = 0.097. Table 6.4). When it was corrected 

for mucin it increased 0.042 units (P < 0.001) and the correction tended to be higher for 

rabbits fed pectin and apple pulp diets (P = 0.069). The amount of fermented TDF before 
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the caecum ranged between 1.7 for rabbits fed control diet to 12.3 of those fed the apple 

pulp diet (Fig. 6.1). The CTTAD of TDF increased successively for rabbits fed control, 

pectin, depectinized apple pulp and apple pulp diets (P < 0.001. Table 6.4). It increased 

0.005 units when it was corrected for faecal mucin (P < 0.001). Around 63% of digestible 

TDF (corrected for mucin) was fermented before the caecum for rabbits fed apple pulp 

fibre compared to only 20% for those of control group (P < 0.001). Only the CIAD of TDF 

of rabbits fed control diet (even when it was corrected for mucin) was not different than 0 

(P = 0.32), but the CTTAD of TDF was positive and different than 0 for all diet groups (P 

< 0.01). 

 

Table 6.4. Effect of insoluble and soluble fibre of apple pulp and mucin correction on ileal 

and faecal DM, CP, total, insoluble and soluble fibre digestibility in fattening rabbits 

  DM CP Total dietary fibre NDF Soluble fibre 

Mucin correction   No Yes No Yes   No Yes 

Ileal digestibility 
     

   Experimental diets 
   

 
 

   Control 0.484 0.678 0.720 0.009 0.049 0.047 -0.240
b
 0.066

b
 

Apple pectin 0.486 0.657 0.713 0.127 0.171 0.067 0.312
a
 0.492

a
 

Depectinized apple pulp 0.514 0.650 0.692 0.175 0.213 0.164 0.226
a
 0.436

a
 

Apple pulp 0.489 0.635 0.685 0.158 0.204 0.135 0.237
a
 0.445

a
 

Average 0.493 0.655 0.703 0.117 0.159 0.103 0.134 0.359 

SEM
1
  

   
  Diet 0.028 0.035 0.048 0.049 0.046 

Mucin correction − 0.001 0.001 − 0.005 

Diet × mucin correction − 0.037 0.051 − 0.047 

P-value 
   

  Diet 0.89 0.88 0.097 0.36 <0.001 

Mucin correction − <0.001 <0.001 − <0.001 

Diet × mucin correction − 0.003  0.069 − <0.001 

Faecal digestibility 
   

   Experimental diets
1
 

     
   Control 0.613

c
 0.859 0.864 0.164

d
 0.170

d
 0.069

b
 0.786 0.827 

Apple pectin 0.610
c
 0.858 0.863 0.259

c
 0.264

c
 0.069

b
 0.843 0.862 

Depectinized apple pulp 0.665
a
 0.868 0.872 0.333

b
 0.338

b
 0.223

a
 0.842 0.868 

Apple pulp 0.647
b
 0.860 0.864 0.356

a
 0.360

a
 0.220

a
 0.833 0.850 

Average 0.634 0.861 0.866 0.278 0.283 0.145 0.826 0.852 

SEM
2
  

   
  Diet 0.004 0.009 0.008 0.009 0.015 

Mucin correction − 0.001 0.001 − 0.001 

Diet × mucin correction − 0.009 0.008 − 0.015 

P-value 
   

  Diet <0.001 0.90 <0.001 <0.001 0.10 

Mucin correction − <0.001 <0.001 − <0.001 

Diet × mucin correction − 0.70  0.36 − <0.001 
1
n = 9 pool (2-3 rabbits)/diet. 

2
n = 23 rabbits for dry matter digestibility and 11 rabbits/diet for CP and fibre 

fractions. 



Chapter 6: Fermentation of apple pulp fractions 

-96- 

 

 

Figure 6.1. Effect of insoluble and soluble fibre of apple pulp (Control [■], Pectin from 

apple pulp [▨], Depectinized apple pulp [▩], or Apple pulp diet [□]) on the daily total 

dietary fibre (TDF) fermented (g TDF/d, corrected for mucin content and considering the 

DMI as covariate). Values are means ± SEM (8.27 ± 2.53, 6.21 ± 2.56 and 14.5 ± 0.38 for 

ileum, caecum and total. n = 9 and 11 for ileal and total fermented TDF. Caecal values 

were obtained as the difference between total and ileal values considering an additive 

variability). Within each section mean values with a different letter differ (P < 0.05). 

 

The CIAD of insoluble fibre was not affected by the diet (P = 0.36). The CTTAD 

of insoluble fibre increased when insoluble apple pulp fibre was included (0.22 vs. 0.069 

for depectinized and apple pulp diets respect to control and pectin diets. P < 0.001).  The 

correction of CIAD of soluble fibre for mucin increased its value by 168% (P < 0.001), 

especially for rabbits from control group (P < 0.001). Once corrected the CIAD of soluble 

fibre was lower for rabbits fed control diet compared the other thee diets (0.066 vs. 0.458, 

on average respectively. P < 0.001). The correction of CTTAD of soluble fibre for mucin 

increased its value by 3% (P < 0.001), especially for rabbits fed control diet (P < 0.001), 

that also tended to show the lowest CTTAD of soluble fibre (P = 0.10). The amounts of 

soluble and insoluble fermented fibre are shown in Fig. 6.2. Type of diet did not influence 

the ileal flow of nutrients to the caecum but the soluble fibre that was higher for rabbits fed 

apple pulp diet respect those from control and depectinized apple pulp groups (8.73 vs. 

3.42 g/d, respectively, P < 0.001), showing apple pectin group an intermediate value (Table 

6.5). 
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Table 6.5. Effect of insoluble and soluble fibre (corrected for mucin) of apple pulp on ileal 

flow of DM, CP and insoluble and soluble fibre in rabbits 

 

Experimental diets 

SEM
1
 P-value 

Control 
Apple 

Pectin 

Depectinized 

apple pulp 

Apple 

pulp 

DMI (g/d)    130
b
     148

a
       134

b
  144

a
  3.31 0.002 

Ileal flow of nutrients, g/day 

DM 66.4 63.8 62.4 64.0  3.88 0.90 

CP 7.34 8.13 8.23 8.72  0.956 0.48 

Total dietary fibre 43.3 42.1 38.6 44.9  2.51 0.33 

NDF 40.2 38.2 35.4 35.2  2.28 0.31 

Soluble fibre 3.11
c
 5.06

b
 3.73

c
 8.73

a
  0.277 <0.001 

1
Standar error of the mean, n = 9 pool (2-3 rabbits/pool)/diet. 

The inclusion separately of soluble and insoluble apple pulp fibre (pectin and 

depectinized apple pulp diets) increased the weight of the caecum compared to apple pulp 

group (72.8 vs. 63.8 g/kg BW. P = 0.018. Table 6.6), while rabbits fed control diet showed 

an intermediate value. There was no dietary effect on the relative weight of the stomach 

(42.9 g/kg BW on average). Rabbits fed apple pulp had lower caecal  pH than control 

group and pectin group, Rabbits fed apple pectin showed a lower caecal pH than control 

group. Rabbit fed depectinized apple pulp showed a value of caecal pH between that of 

pectin and apple pulp groups. 

 

Table 6.6. Effect of insoluble and soluble fibre of apple pulp on digestive traits in rabbits 

 

Experimental diets SEM
1
 P value 

 

Control 
Apple 

Pectin 

Depectinised 

apple pulp 

Apple 

pulp  

 

Body weight (kg)      2.02
c
      2.11

b
      2.11

b
   2.16

a
 13.6 <0.001 

Relative weight of full organs ( g/ kg BW) 

Total digestive tract   189   200   202   194 6.2 0.48 

Stomach     38.0     42.0    44.3    47.4 4.1 0.47 

Caecum     68.8
ab

     74.1
a
    71.6

a
    63.8

b
 2.2 0.018 

Stomach pH      1.60     1.84   1.58    1.44 0.15 0.33 

Caecal pH     5.95
a
     5.69

b
   5.59

bc
    5.55

c
 0.05 <0.001 

1
Standar error of the mean, n = 11/diet. 

 

6.4. Discussion 

The inclusion of apple pulp fibre replacing insoluble and low fermentable fibrous 

ingredients (oat hulls, wheat straw and lignocellulose) exerted different effects than that of 

sugar beet pulp on ileal flow of mucin. When apple pectin and apple pulp were supplied 
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the ileal flow of mucin increased, but in a lesser extent than when sugar beet pectin and 

sugar beet pulp were included, in both cases related to control diet (by 27 and 80%, 

respectively. See Chapter 5) or by 99% as reported by Abad-Guamán et al. (2015 -Chapter 

4). Furthermore, the insoluble apple pulp fibre did not stimulate ileal mucin flow like it 

was observed with insoluble sugar beet fibre (Chapter 5). In fact, the unique traits that 

tended to be correlated with ileal mucin flow were soluble fibre fermented before the 

caecum or dietary soluble fibre (both calculated as TDF-aNDFom-cp and r = 0.92 and P = 

0.083), whereas no correlation was found with dietary TDF concentration as reported when 

sugar beet pulp was used (Chapter 5). These results suggests an additive effect of soluble 

and insoluble fibre from sugar beet pulp on mucin production before the caecum (more 

important soluble than insoluble sugar pulp fibre), and a positive but a lower effect of 

soluble fibre of apple pulp, while there is no effect of insoluble apple fibre. These 

differences cannot be accounted for a different soluble or insoluble fibre digestibility 

before the caecum that were extremely similar for sugar beet pulp and apple pulp fibres. 

The intestinal mucin were highly degraded in the caecum (0.91) a value that is close to 

those obtained in Chapters 4 (Abad-Guamán et al., 2015) and 5. Once again, the correction 

for intestinal mucin content of CIAD of TDF and soluble fibre is necessary to estimate 

more accurately their degradation before the caecum, especially in low soluble fibre diets 

(Abad-Guamán et al., 2015 –Chapter 4). This effect has been also stressed by Montoyo et 

al., (2015) in pigs. 

The replacement of oat hulls and wheat straw for apple pulp improved CTTD of 

TDF (corrected for mucin). It was accounted for the higher faecal insoluble fibre 

digestibility of apple pulp compared to the one of these sources of fibre, and for its higher 

soluble fibre content, because faecal soluble fibre digestibility was similar for all diets. 

These results are similar to those obtained with sugar beet pulp (Chapter 5), but the 

CTTAD of soluble fibre from apple pulp seemed lower than that of sugar beet pulp (0.856 

vs. 0.923, respectively). 

The inclusion of apple fibre increased the amount of fermentable soluble fibre 

before the caecum in a similar way than that observed previously with sugar beet pulp 

(Chapter 5). The combination of pectin with the insoluble and low fermentable oat hulls 

and wheat straw (pectin diet), or the combination of apple soluble and insoluble fibre 

(apple pulp diet) did not modify the fermentability of insoluble fibre, suggesting no 

synergy between both fibre fractions contrary to that hypothesized in the previous chapter. 
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Figure 6.2. Effect of insoluble and soluble fibre of apple pulp (Control [■], Pectin from 

apple pulp [▨], Depectinized apple pulp [▩], or Apple pulp diet [□]) on the daily total 

soluble and insoluble fibre fermented (g/d, soluble fibre corrected for mucin content). 

Values are means ± SEM (3.32 ± 1.54, 3.92 ± 1.57 and 7.24 ± 0.28 for ileum, caecum and 

total. n = 9 and 11 for ileal and total fermented TDF. Caecal values were obtained as the 

difference between total and ileal values considering an additive variability). Within each 

section and type of fibre mean values with a different letter differ (P < 0.05). 

 

The inclusion of apple pulp exerted a higher reduction in caecal pH than the 

inclusion of any of its fibre fractions (soluble or insoluble). Nevertheless, the single 

inclusion of soluble or insoluble apple pulp fibre decreased caecal pH compared to rabbits 

fed control diet, in agreement with the results reviewed by García et al. (2002), Trocino et 

al. (2013b). All these changes were parallel to those observed with similar diets including 

sugar beet fibre (Chapter 5). In the current work, no correlation was found between the 

amount of fermented caecal TDF (calculated by difference between faecal and ileal 

fermented TDF, corrected both for mucin), alone or with the addition of mucin fermented 

in the caecum, and caecal pH (P ≥ 0.65). However, the amount of total TDF fermented in 

the digestive tract was negatively correlated with caecal pH (r = -0.99. P = 0.011). The 

consideration of the amount of mucin fermented in the caecum did not improve this 

correlation. In the same way, the amount of TDF fermented before the caecum was 

correlated with caecal pH (r = -0.97. P = 0.030). These results are in agreement with those 

reported in Chapter 5. It can be hypothesized that at least a fraction of the ileal digestible 

TDF observed would be accounted for a fibre solubilisation than a real fermentation as 

already discussed by Abad-Guamán et al. (2015 –Chapter 4). The inclusion of any of the 
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fractions of apple fibre increased the relative weight of the caecum compared to control 

group, as observed previously in Chapter 5 when using sugar beet pulp. Surprisingly, the 

inclusion of apple pulp decreased the weight of the caecum respect to the inclusion of the 

single fractions of apple fibre without any coherent explanation for this result, suggesting a 

different behaviour of apple fibre fraction depending on the type of ingredients used. The 

results obtained with apple pulp are scarce. Alvarez et al. (2007) found that the inclusion of 

apple pulp did not modify the caecal weight although decreased feed intake. 

In conclusion, the positive effect of apple fibre on ileal mucin flow was mainly due 

to its soluble fibre fraction. Half of the soluble apple fibre was degraded before the caecum 

independently it came from pectin or apple pulp. The caecal pH correlated better with the 

total amount of fermented TDF in the digestive tract rather than with that fermented in the 

caecum, indicating that an ileal fibre solubilisation rather than fermentation may occur. 
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VII. GENERAL DISCUSSION 

 

In this section, the results obtained in chapters 4, 5 and 6 were considered together 

to establish relationships between the dietary chemical composition and the physiological 

responses measured in the rabbits. Firstly, it was considered only the information of the 

three diets of Chapter 4: the different methods to quantify soluble fibre, ileal flow of fibre 

fractions, fermentable fibre at ileal, caecal and faecal level and ileal flow of mucin (in all 

cases evaluated with the different methods). Their relationships with ileal mucin flow, 

relative weight of the caecum and caecal pH were established. For this purpose, 

physiological data obtained with the same diets of chapter III and reported by Goméz-

Conde et al. (2009) were used. Furthermore, the whole dataset containing the whole 

fibrous composition (using only TDF-aNDFom-cp to quantify soluble fibre) and ileal flow 

of fibre fractions, fermentable fibre at ileal, caecal and faecal level and ileal flow of mucin 

were used to evaluate the influence of fibrous fractions on physiological traits. Descriptive 

statistics and a matrix of correlation among all the parameters were generated for each 

variable (Tables 7.1 and 7.2).  

Data were analysed according to St-Pierre (2001), which takes into account the 

random effect of the study. The mixed procedure (SAS Inst. Inc., Cary, NC) was used to 

evaluate lineal or quadratic relationship between physiological responses (ileal flow of 

mucin, relative weight of the caecum and caecal pH) and the explanatory variables (Fibre 

or fractions or fibre in: 1) the diet, 2) ileal flow, and 3) degraded before the caecum, in the 

caecum or in the whole digestive tract). The goodness of fit of models was compared using 

the Bayesian Information Criterion (BIC), where smaller is better (Littell et al., 1998). 

 

Correlation among dietary fibre fraction 

The correlation between dietary TDF and soluble fibre was high (r = 0.94. P < 

0.05), whereas there was no correlation between TDF or soluble fibre with NDF, as 

expected (Table 7.2). The lack of correlation derives from the low variability of aNDFom-

cp, as it was maintained almost constant around 316 g/kg DM (ranging between 290 and 

329 g/kg DM). On the opposite, soluble fibre was explicitly increased (ranging from 30 to 

145 g/kg DM), leading to an increase in TDF (ranging from 344 to 435 g/kg DM). The 

degree of lignification of NDF (ADL/aNDFom-cp) showed no correlation with soluble 

fibre. 
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Table 7.1. Descriptive statistics of the data used (from Chapters 4, 5 and 6; n = 11 diets) 

Variable Minimum Maximum Average Standard deviation 

Diet composition, g/kg     

TDF   344   435   397     29.5 

NDF   290   329   316     11.1 

ADF   162   208   188     15.8 

ADL     33.4     58.3     43.4       7.21 

Soluble fibre     30.0   145     80.6     32.4 

NDF/TDF       0.667       0.913       0.801       0.069 

Soluble/TDF       0.087       0.333       0.199       0.069 

TDF-ADF   146   266   209     39.1 

ADL/NDF       0.107       0.178       0.137       0.021 

ADL/soluble       0.258       1.61       0.650       0.366 

Magnitude of mucin correction, units
1
      

TDF ileal digestibility       0.031       0.110       0.061       0.029 

TDF-NDF ileal digestibility       0.149       0.831       0.367       0.254 

TDF caecal digestibility      -0.106      -0.026      -0.056       0.029 

TDF-NDF caecal digestibility      -0.782      -0.130      -0.341       0.247 

TDF total digestibility       0.003       0.007       0.005       0.001 

TDF-NDF total digestibility       0.015       0.049       0.026       0.011 

Coefficient of ileal digestibility
2 

    

TDF       0.049       0.281       0.163       0.073 

NDF       0.047       0.214       0.119       0.060 

TDF-NDF       0.051       0.497       0.323       0.173 

Coefficient of caecal digestibility
2 

    

TDF       0.093       0.269       0.169       0.065 

NDF       0.002       0.182       0.085       0.058 

TDF-NDF       0.370       0.874       0.551       0.165 

Coefficient of total digestibility
2 

    

TDF       0.163       0.550       0.332       0.110 

NDF       0.069       0.396       0.204       0.101 

TDF-NDF       0.816       0.930       0.874       0.043 

Ileal flow
2
, g/d     

TDF     38.6     51.7     44.6       3.49 

NDF     30.3     44.4     38.0       3.57 

TDF-NDF       3.11     11.4       6.73       3.27 

Ileal degraded
2
, g/d     

TDF       1.70     16.7       8.68       4.65 

NDF       1.49       9.32       4.87       2.57 

TDF-NDF      -0.136       8.32       3.23       2.58 

Caecal degraded
2
, g/d     

TDF       2.11     16.2       9.16       4.96 

NDF      -0.456       7.36       3.64       2.66 

TDF-NDF       3.37       9.01       6.11       2.02 

Total degraded
2
, g/d     

TDF       7.31     32.8     17.8       7.16 

NDF       2.69     15.6       8.51       4.17 

TDF-NDF       3.64     17.2       9.34       3.79 

Ileal flow of mucin, g DM/d       3.20       9.03       5.30       2.01 

Relative weight of the caecum, g/kg BW     52.0     97.8     70.7     12.9 

Caecal pH       5.23       6.03       5.67       0.246 
1Units of coefficient of digestibility. 2 TDF and TDF-NDF were both corrected for mucin. NDF was corrected for ash and 

protein (aNDFom-cp). 
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Table 7. 2. Correlation (Pearson´s coefficient) among dietary fibre composition
1
  

 NDF ADF ADL 
Soluble 

Fibre 

NDF/ 

TDF 

Soluble 

/TDF 

TDF- 

ADF 

ADL/ 

NDF 

ADL/ 

Soluble 

TDF -0.09 -0.44 0.04 0.94 -0.93 0.93 0.93 0.06 -0.85 

NDF  0.39 0.36 -0.42 0.44 -0.44 -0.23 0.16 0.16 

ADF   0.42 -0.53 0.53 -0.53 -0.73 0.35 0.48 

ADL    -0.09 0.09 -0.09 -0.14 0.98 0.32 

Soluble fibre     -1.00 1.00 0.92 0.00 -0.83 

NDF/TDF      -1.00 -0.92 0.00 0.84 

Soluble/TDF       0.92 0.00 -0.84 

TDF-ADF        -0.09 -0.84 

ADL/NDF         0.30 

r-values in boldface are significant (P < 0.05). NDF was corrected for ash and protein (aNDFom-cp). 
1 data from chapter 4, 

5 and 6; n = 11). 

 

Quantification of soluble fibre content and physiological responses  

Identification of the fibrous measurement more related to the magnitude of the correction 

for mucin  

 In the current work, it is demonstrated the contamination of TDF with crude mucin, 

because the use of ethanol precipitate both soluble fibre (measured as TDF-aNDFom-cp) 

and intestinal mucin of digestive content (Chapter 2). Recently, Montoya et al. (2015) 

found similar results working with pig digesta. Therefore, when this method is used in the 

digestive content to quantify the TDF or soluble fibre, a correction of TDF with the 

carbohydrate fraction from crude mucin recovered in TDF was proposed (Chapter 2). At 

the ileal level, this correction increases the ileal digestibility of TDF and soluble fibre 

(0.061 and 0.367 units on average, respectively). This correction works in the same way at 

faecal level, but to a much lesser extent (0.005 and 0.026 units in average to TDF and 

soluble fibre respectively). On the opposite, at the caecal level (when digestibility is 

calculated as the difference between faecal and ileal digestibility), the correction with the 

carbohydrates from crude mucin reduces the estimations of TDF and soluble fibre 

digestibility (-0.026 and -0.130 units respectively). However, the magnitude of this 

correction depends linear and quadratically on the proportion of soluble fibre in TDF or on 

the level of soluble fibre (Table 7.3 and Figures 7.1 and 7.2). The magnitude of the 

correction with mucin is higher in low than in high soluble fibre diets, and more at ileal 

than at faecal level. Besides, it seems that for soluble fibre contents higher than around 80 

g/kg DM this correction became constant at ileal level. Consequently, the correction with 

carbohydrates from mucin is more important in the determination of ileal soluble fibre 

digestibility of low soluble fibre diets. This result explains the low (sometimes negative) 

soluble fibre digestibility observed mainly in the low soluble fibre diets in rabbits 

(Martínez-Vallespin et al., 2013; Soler, 2014) and pigs (Graham et al., 1986; Jørgensen et 

al., 1996; Wilfart et al., 2007; Montoya et al., 2015).  
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Table  7.3. Linear and quadratic effects of dietary fibre composition on the magnitude of the correction for mucin of TDF and soluble fibre 

digestibility (data from Chapters 4, 5 and 6. n = 11 diets).  
Site of digestion Fibre 

 

Parameters TDF NDF ADF ADL Soluble fibre NDF/TDF Soluble/TDF TDF-ADF ADL/NDF ADL/soluble 

Ileal TDF L Slope 3.3410
-4

 -4.1010
-4

 2.9510
-4

 -2.2010
-4

 3.3410
-4

 -0.164 0.164 3.2310
-4

 -0.042 -0.030 

  

 

SEM 1.2110-4 4.0710-4 6.0710-4 5.7610-4 9.8010-5 0.042 0.042 1.2210-4 0.192 0.006 

  

 

P-value 0.028 0.35 0.64 0.71 0.012 0.006 0.006 0.033 0.83 0.002 

  

 

BIC -38.5 -36.7 -36.7 -36.5 -40.0 -53.4 -53.4 -38.0 -48.0 -52.7 

  Q P-value 0.28 0.84 0.28 0.61 0.27 0.33 0.24 0.15 0.33 0.99 

  

 

BIC -16.7 -18.0 -19.0 -19.6 -16.9 -54.6 -55.0 -16.6 -55.2 -45.9 

 Soluble L Slope -3.8910
-3

 -1.5410
-3

 3.3010
-5

 -1.6710
-3

 -3.0610
-3

 1.459 -1.459 -3.8010
-3

 -0.459 0.257 

 

 

 

SEM 7.4410-4 3.8310-3 5.5210-3 5.1610-3 9.5710-4 0.435 0.435 8.2710-4 1.708 0.068 

 

 

 

P-value 0.001 0.70 0.99 0.76 0.015 0.012 0.012 0.003 0.80 0.007 

 

 

 

BIC -6.7 3.6 3.0 3.0 -1.1 -13.8 -13.8 -1.4 -8.5 -11.4 

 

 Q P-value 0.001 0.40 0.47 0.51 0.005 0.006 0.005 0.012 0.36 0.71 

 

 

 

BIC 0.9 17.1 17.0 15.3 10.2 -26.7 -27.0 8.1 -20.0 -9.7 

Caecal TDF L Slope -3.6010
-4

 3.6710
-4

 -3.3010
-4

 2.2110
-4

 -3.5010
-4

 0.171 -0.171 -3.5010
-4

 0.045 0.032 

  

 

SEM 1.1810-4 4.2310-4 6.2010-4 5.9010-4 9.8010-5 0.042 0.042 1.2010-4 0.196 0.006 

  

 

P-value 0.019 0.42 0.61 0.72 0.009 0.005 0.005 0.024 0.82 0.001 

  

 

BIC -38.8 -36.0 -36.3 -36.0 39.9 -53.4 -53.4 -38.1 -47.5 -53.4 

  Q P-value 0.25 0.93 0.30 0.62 0.21 0.25 0.18 0.13 0.33 0.99 

  

 

BIC -17.1 -17.3 -18.6 -19.2 -17.2 -54.9 -55.4 -16.9 -54.8 -46.6 

 Soluble L Slope 3.4410
-3

 1.4610
-3

 1.1610
-4

 1.6010
-3

 2.6810
-3

 -1.281 1.281 3.3610
-3

 0.442 -0.227 

 

 

 

SEM 7.2110-4 3.4610-3 5.0710-3 4.6410-3 8.9310-4 0.406 0.406 7.9110-4 1.538 0.063 

 

 

 

P-value 0.002 0.68 0.98 0.74 0.020 0.016 0.016 0.004 0.78 0.009 

 

 

 

BIC -7.0 2.0 1.4 1.5 -2.0 -14.7 -14.7 -5.8 -10.1 -12.3 

 

 Q P-value 0.001 0.45 0.46 0.49 0.007 0.009 0.007 0.013 0.36 0.49 

 

 

 

BIC 1.7 15.9 15.6 13.9 10.1 -26.8 -27.1 7.7 -21.3 -10.4 

Faecal TDF L Slope -2.0010
-5

 -4.0010
-5

 -5.0010
-5

 -1.5910
-6

 -8.3010
-6

 0.004 -0.004 -210
-5

 0.003 0.001 

  

 

SEM 9.8010-6 2.7010-5 2.2010-5 4.2010-5 110-5 0.005 0.005 110-5 0.014 0.001 

  

 

P-value 0.086 0.17 0.079 0.97 0.45 0.49 0.49 0.17 0.83 0.19 

  

 

BIC -86.5 -88.0 -88.4 -86.6 -84.3 -96.5 -96.5 -85.0 -98.2 -94.2 

  Q P-value 0.67 0.071 0.95 0.99 0.22 0.20 0.21 0.38 0.72 0.79 

  

 

BIC -58.6 -66.4 -63.5 -64.2 -57.1 -94.2 -94.1 -57.1 -99.3 -83.5 

 Soluble L Slope -4.3010
-4

 3.9010
-5

 1.9810
-4

 -4.0610
-6

 -2.9010
-4

 0.139 -0.139 -3.9010
-4

 -0.007 0.027 

 

 

 

SEM 4.6010-5 3.3810-4 2.2710-4 5.2110-4 6.2 10-5 0.029 0.029 6.610-5 0.177 0.005 

 

 

 

P-value <0.001 0.91 0.41 0.99 0.002 0.002 0.002 0.001 0.97 0.001 

 

 

 

BIC -59.3 -43.7 -43.7 -44.5 -52.7 -65.3 -65.3 -51.3 -56.2 -63.8 

 

 Q P-value 0.074 0.15 0.58 0.66 0.008 0.010 0.010 0.059 0.39 0.48 

 

 

 

BIC -37.9 -26.6 -24.3 -27.4 -34.6 -71.3 -71.6 -30.4 -63.0 -57.2 

-1
0
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Figure 7.1. Effect of soluble fibre (TDF-aNDFom-cp) on the magnitude of mucin 

correction of the soluble fibre ileal and faecal digestibility. Magnitude of mucin correction 

at ileum = 0.85( 0.14) – 10.2  10
-3

 ( 1.76  10
-3

, P = 0.001)  Soluble fibre + 4.4  10
-5

 

( 1.0  10
-5

, P = 0.005)  Soluble fibre
2
. Magnitude of mucin correction at faecal=0.074 

( 0.007) – 9.5  10
-4

 ( 1.64  10
-4

, p = 0.001)  Soluble fibre + 3.75  10
-6

 ( 0, P 

<0.001)  Soluble fibre
2
. Data from: Chapter 4 (○), Chapter 5 (▲△), and Chapter 6 (☐). 

 

Figure 7.2. Effect of soluble fibre (TDF-aNDFom-cp) on the magnitude of mucin 

correction of the ileal and faecal soluble fibre digestibility. Magnitude of mucin correction 

at ileum = 0.97( 0.15) – 5.2 ( 0.91, P = 0.001)  (Soluble fibre/TDF) + 9.4 ( 2.2, P = 

0.005)  (Soluble fibre/TDF)
2
. Magnitude of mucin correction at faecal = 0.084 ( 0.009) – 

0.47 ( 0.09, P = 0.002)  (Soluble fibre/TDF) + 0.81 ( 0.21, P <0.001)  (Soluble 

fibre/TDF)
2
. Data from: Chapter 4 (○), Chapter 5 (▲△), and Chapter 6 (☐). 
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Identification of the more adequate method to quantify soluble fibre 

The amount of dietary soluble fibre quantified as TDF-aNDFom-cp was higher than 

those obtained as TDF-IDF or TDF-ivDMi2 (Chapter 3), and showed a lower faecal 

soluble fibre digestibility (corrected for mucin) than the other two methods (Chapter 4). 

However, the differences among these methods for the daily amount of fermented soluble 

fibre were small and the values were generally highly correlated, providing similar 

information. It would be also interesting to study the relationship of the soluble fibre 

obtained with different methods with other physiological traits like ileal flow of mucin, 

relative weight of the caecum and caecal pH. However, when the relationship of each of 

these methods with the physiological traits is compared it is observed that for each trait the 

method that offers the best fit is not always the same (Table 7.4). The method that seems to 

be globally better related to these physiological traits is TDF-aNDFom-cp (as is or as a 

proportion of TDF). Furthermore, NDF is a simple and extended measurement in the 

laboratories (Xiccato et al., 2012) and accordingly it has been chosen as a reference 

method to estimate soluble fibre. 

 

Identification of dietary fibre variables more related to fibre fractions digestibility  

The disappearance of ileal and faecal TDF is linear and positively related with the 

concentration of soluble fibre in the TDF of the diet (P ≤ 0.018; Table 7.5). The same 

result is obtained for the ileal and caecal digestibility of soluble fibre (P ≤ 0.001). No 

quadratic effect of dietary fibre composition was found. These results are in agreement 

with the relationships obtained for faecal soluble digestibility by Trocino et al. (2013). 

However, no clear relationship is obtained for NDF degradability. It contrasts with 

previous results that found a negative correlation between faecal NDF digestibility and the 

degree of lignificaton of NDF (García et al., 1999), or with the dietary ADF and soluble 

fibre (Trocino et al., 2013b). It may be due to the narrow range of variation of both the 

dietary NDF, ADF content (from 290 to 329 g NDF/kg DM and 162 and 208 g ADF/kg 

DM) and the degree of lignification of NDF (ranging from 0.11 to 0.18) compared to these 

studies. On the opposite, the range of variation of soluble fibre used for this discussion is 

similar to that reported by Trocino et al. (2013b). 

 

Identification of the fibrous measurement more related with the physiological traits 

The main physiological effects studied in the present work were the quantification 

of the ileal flow of mucin, the relative caecal weight and the caecal pH. The variability of 
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the ileal flow of mucin is mainly linearly associated with the dietary soluble fibre or the 

concentration of dietary soluble fibre respect to TDF content of the diet (P = 0.001; Table 

7.6 and Figure 7.3). It suggests that the soluble fibre might be stimulating the production of 

mucin as it was observed previously in rats (Hino et al., 2012 and 2013). The high 

correlation of total and soluble dietary fibre loss before the caecum with the ileal flow of 

mucin, might be due to a direct effect of soluble fibre degradation on intestinal microbiota, 

and an effect of microbiota on the mucosa that might enhance mucus production. It might 

be also hypothesized a potential effect of the oligosaccharide produced from the 

degradation of soluble and insoluble fibre on the mucosa of the small intestine. In fact, 

using conventional and germ free broilers was observed a direct effect of the microbiota on 

mucin dynamics and development and a direct effect of mannan-oligosaccharides on 

goblet cells physiology in germ free broilers (Cheled-Shoval et al., 2014). Moreover, his 

effect might depend on the fibre source. In our previous work (Chapter 4) was reporter that 

the insoluble fibre from sugar beet pulp may also increase the mucin production, but the 

depectinized fraction from apple pulp (Chapter 5) does not estimulate the flow of ileal 

mucin respect to control diet although in both cases soluble fibre increase respect to control 

diet. Hino et al. (2012) also observed that the effect of several insoluble fibre sources on 

intestinal mucin content differed.  

The effect exerted by fibre fractions at ileal level (crude mucin flow, digestibility of 

fibre fraction) might be related to the influence of soluble/fermented fibre and mucosa 

functionality in the small intestine observed previously (Gómez-Conde et al., 2007; 

Castillo, 2013; El Abed et al., 2011). 

 The variation of the relative caecal weight is associated with the soluble 

fibre to TDF ratio in the diet, and with the total or caecal amount of soluble fibre fermented 

(Table 7.6 and Figure 7.4). The relative weight of the caecum increased with the 

concentration of soluble fibre in the diet. It can be also observed that there is a linear effect 

of dietary aNDFom-cp on the relative caecal weight (Figure 7.5) that is coherent with the 

quadratic relationship reported for these two variables by De Blas et al. (1999). In the 

relationships reported in Table 7.6 is not expressed the positive influence of insoluble 

fermentable fibre on this trait observed in Chapters 5 and 6. It might be due to the lack of 

any specific chemical variable in the diet that be correlated with the insoluble and 

fermentable fibre fraction. The only one is the degree of lignification of NDF, but the 

different link of lignin with the other cell wall constituents depending on the ingredient 

might explain the lack of influence of this variable in some situations. For example, apple 
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pulp and sunflower hulls show similar degree of lignification (Chapters 5 and 6) but in 

apple pulp lignin is concentrated in the apple seed and it does not affect the degradability 

compared to sunflower hulls or sugar beet pulp.  

 

Table 7.4. Linear effects of the methods to estimate insoluble and soluble dietary fibre 

composition on the ileal flow of mucin, relative weight of the caecum and caecal pH (data 

from Chapter 4 and Gómez-Conde et al., 2009. n = 3 diets). 

 

Ileal flow of mucin, g/d Caecal relative weight, g/kg Caecal pH 

 

Slope SEM P-value BIC Slope SEM P-value BIC Slope SEM P-value BIC 

Diet composition, g/kg 

            IDF -0.058 0.045 0.42 10.5 -0.567 0.240 0.25 13.8 0.007 0.005 0.35 5.9 

aNDFom-cp -0.061 0.023 0.23 9.7 -0.540 0.052 0.061 11.3 0.007 0.002 0.16 4.7 

ivDMi2 -0.149 0.055 0.23 7.9 -1.32 0.124 0.060 9.5 0.018 0.005 0.16 2.9 

TDF-IDF 0.047 0.009 0.12 9.0 0.397 0.030 0.048 11.5 -0.006 0.000 0.051 3.0 

TDF-NDF 0.041 0.002 0.026 6.2 0.334 0.076 0.142 13.9 -0.005 0.000 0.043 3.0 

TDF- ivDMi2 0.062 0.009 0.089 7.9 0.480 0.205 0.26 14.2 -0.007 0.002 0.16 4.7 

(TDF-IDF)/TDF 21.6 6.23 0.18 -2.5 188 3.13 0.011 -3.9 -2.57 0.447 0.110 -7.8 

(TDF-NDF)/TDF 19.4 2.09 0.068 -4.1 161 25.4 0.100 0.9 -2.26 0.003 0.001 -17.4 

(TDF-ivDMi2)/TDF 31.9 2.77 0.055 -5.5 251 91.6 0.22 1.5 -3.64 0.717 0.124 -8.2 

Ileal flow, g/d 

            IDF -0.180 0.077 0.26 7.7 -1.62 0.230 0.090 9.9 0.022 0.007 0.19 2.8 

aNDFom-cp -0.174 0.049 0.18 7.1 -1.51 0.017 0.007 5.0 0.021 0.003 0.106 1.8 

ivDMi2 -0.209 0.060 0.18 6.8 -1.81 0.031 0.011 5.5 0.025 0.004 0.110 1.5 

TDF-IDF -0.808 0.971 0.56 5.3 -4.40 9.57 0.73 9.9 0.081 0.122 0.63 1.1 

TDF-NDF 3.91 2.79 0.39 2.1 37.6 13.9 0.23 5.3 -0.486 0.272 0.33 -2.6 

TDF- ivDMi2 -1.31 0.099 0.048 0.6 -10.7 2.04 0.12 6.6 0.152 0.005 0.021 -5.4 

Ileal degradation, g/d 

            IDF 0.859 0.009 0.007 -2.4 6.93 1.79 0.16 8.1 -0.099 0.010 0.010 -2.4 

aNDFom-cp 0.720 0.026 0.023 0.3 5.74 1.77 0.19 8.7 -0.083 0.012 0.092 -1.3 

ivDMi2 0.586 0.069 0.075 3.0 4.87 0.718 0.093 7.7 -0.068 0.001 0.006 -6.4 

TDF-IDF 0.331 0.016 0.031 2.4 2.63 0.848 0.20 10.4 -0.038 0.006 0.099 0.5 

TDF-NDF 0.358 0.010 0.018 1.2 2.86 0.859 0.19 10.1 -0.041 0.006 0.087 0.0 

TDF- ivDMi2 0.394 0.052 0.084 4.1 3.06 1.28 0.25 10.5 -0.045 0.011 0.153 0.9 

Caecal degradation, g/d 

            IDF 0.504 0.853 0.66 6.0 2.20 7.96 0.83 10.5 -0.047 0.105 0.729 1.8 

aNDFom-cp 0.430 1.88 0.86 4.9 -0.626 16.1 0.98 9.2 -0.026 0.222 0.926 0.6 

ivDMi2 0.426 1.17 0.78 5.7 0.887 10.3 0.95 10.1 -0.034 0.140 0.847 1.5 

TDF-IDF -0.349 1.39 0.84 5.5 0.211 12.0 0.99 9.8 0.023 0.165 0.912 1.2 

TDF-NDF 1.57 2.06 0.59 3.9 17.1 13.2 0.42 7.6 -0.206 0.218 0.518 -0.6 

TDF- ivDMi2 0.237 1.79 0.92 5.1 7.60 13.9 0.75 9.2 -0.050 0.203 0.848 0.7 

Faecal degradation, g/d 

            IDF 0.473 0.240 0.30 6.0 3.29 2.96 0.47 11.0 -0.051 0.034 0.368 2.0 

aNDFom-cp 0.584 0.217 0.23 5.1 4.23 3.02 0.39 10.4 -0.065 0.032 0.296 1.3 

ivDMi2 0.473 0.134 0.18 5.1 3.52 2.10 0.34 10.6 -0.053 0.021 0.244 1.4 

TDF-IDF 0.340 0.063 0.12 5.0 2.88 0.234 0.052 7.6 -0.040 0.003 0.047 -1.1 

TDF-NDF 0.329 0.025 0.049 3.3 2.80 0.514 0.119 9.4 -0.038 0.001 0.020 -2.7 

TDF- ivDMi2 0.387 0.033 0.054 3.2 3.12 0.575 0.114 9.0 -0.045 0.001 0.015 -3.7 

NDF was corrected for ash and protein (aNDFom-cp). All soluble fibre measurements were corrected for mucin.  
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Table 7.5. Linear effects of the dietary fibre composition on ileal, caecal and faecal digestibility of fibre fractions (data from Chapters 4, 5 and 6. n = 11 diets).  

  

Ileal Caecal Faecal 

  

TDF NDF TDF-NDF TDF NDF TDF-NDF TDF NDF TDF-NDF 

TDF Slope 1.6710-3 8.9610-4 6.4410-3 2.1110-4 3.5310-4 -6.2010-3 2.6410-3 1.4310-3 2.0510-4 

 

SEM 6.1710-4 6.0410-4 1.2010-3 3.5810-4 4.8710-4 1.0510-3 8.5210-4 9.9710-4 2.1310-4 

 

P-value 0.031 0.18 0.001 0.57 0.49 0.001 0.017 0.20 0.37 

 
BIC -13.3 -13.7 0.2 -20.6 -16.9 -2.6 -7.5 -4.7 -29.3 

NDF Slope -2.0410-3 -1.9110-3 -2.8010-4 -2.6010-4 -7.3010-4 -3.9010-4 -3.9610-3 -3.2110-3 -8.4010-4 

 

SEM 2.1010-3 1.6710-3 5.1910-3 8.9010-4 1.2310-3 4.9610-3 2.8810-3 2.6510-3 4.6910-4 

 

P-value 0.36 0.29 0.96 0.78 0.57 0.94 0.21 0.26 0.116 

 

BIC -10.8 -14.9 5.5 -22.1 -18.5 4.7 -4.4 -5.9 -32.9 

ADF Slope 8.5010-5 -4.5010-4 3.6410-3 -5.3010-4 -3.6010-4 -1.9710-3 -3.4210-3 -3 10-3 1.2510-3 

 

SEM 1.5510-3 1.2510-3 3.4310-3 1.3110-3 1.5510-3 3.4210-3 2.0110-3 1.8810-3 7.2610-4 

 
P-value 0.96 0.73 0.32 0.70 0.82 0.58 0.133 0.155 0.130 

 

BIC -9.2 -13.1 5.1 -22.9 -18.7 5.1 -4.5 -5.7 -33.5 

ADL Slope 1.2010-3 1.0710-3 2.6610-3 -110-5 9.910-5 -2.5910-3 8.8010-4 1.5610-3 5.1110-4 

 
SEM 3.3810-3 2.7410-3 7.9410-3 1.1910-3 1.6610-3 7.6010-3 4.3210-3 3.7710-3 7.3010-4 

 

P-value 0.73 0.71 0.75 0.99 0.95 0.74 0.84 0.69 0.51 

 

BIC -10.9 -14.7 4.5 -22.6 -18.8 3.7 -3.6 -5.6 -31.3 

Soluble fibre Slope 1.6210-3 9.6410-4 5.7310-3 2.1210-4 3.9810-4 -5.3610-3 2.6610-3 1.6110-3 2.9310-4 

 
SEM 5.2910-4 5.2210-4 1.1510-3 3.2510-4 4.3910-4 1.0910-3 6.7810-4 8.5510-4 1.7410-4 

 

P-value 0.018 0.107 0.002 0.53 0.39 0.002 0.006 0.101 0.135 

 

BIC -14.2 -14.4 1.4 -20.5 -16.9 -0.1 -9.6 -5.5 -30.5 

NDF/TDF Slope -0.769 -0.461 -2.71 -0.110 -0.192 2.540 -1.272 -0.776 -0.135 

 

SEM 0.249 0.246 0.530 0.152 0.206 0.502 0.313 0.400 0.082 

 
P-value 0.018 0.103 0.001 0.49 0.38 0.002 0.005 0.094 0.144 

 

BIC -26.6 -26.8 -11.2 -32.9 -29.3 -12.8 -22.2 -17.9 -42.7 

Soluble/TDF Slope 0.769 0.461 2.71 0.110 0.192 -2.54 1.272 0.776 0.135 

 

SEM 0.249 0.246 0.530 0.152 0.206 0.502 0.313 0.400 0.082 

 
P-value 0.018 0.103 0.001 0.49 0.38 0.002 0.005 0.094 0.144 

 

BIC -26.6 -26.8 -11.2 -32.9 -29.3 -12.8 -22.2 -17.9 -42.7 

TDF-ADF Slope 9.3410-4 5.8410-4 5.5610-3 2.4910-4 3.9210-4 -5.4210-3 2.0810-3 1.2310-3 1.1010-4 

 

SEM 5.4410-4 4.7010-4 1.5210-3 3.5210-4 4.5310-4 1.3610-3 7.0210-4 8.2810-4 2.2010-4 

 
P-value 0.129 0.25 0.008 0.50 0.42 0.005 0.021 0.18 0.63 

 

BIC -9.9 -12.6 5.4 -20.7 -16.8 3.2 -6.2 -4.2 -28.6 

ADL/NDF Slope 0.643 0.586 0.939 0.010 0.074 -0.840 0.595 0.731 0.234 

 

SEM 1.14 0.917 2.70 0.392 0.550 2.58 1.43 1.24 0.233 

 

P-value 0.59 0.54 0.74 0.98 0.90 0.75 0.69 0.58 0.35 

 
BIC -22.7 -26.6 -7.1 -34.2 -30.4 -7.9 -15.3 -17.4 -43.4 

ADL/Soluble Slope -0.122 -0.067 -0.384 -0.030 -0.035 0.381 -0.190 -0.107 -0.004 

 

SEM 0.053 0.049 0.118 0.024 0.035 0.103 0.069 0.076 0.017 

 

P-value 0.055 0.22 0.014 0.25 0.35 0.008 0.028 0.20 0.81 

 
BIC -20.9 -22.2 -4.8 -30.3 -25.9 -7.8 -15.2 -13.3 -37.1 

NDF was corrected for ash and protein (aNDFom-cp). Intestinal TDF and soluble fibre measurements were corrected for mucin. 
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Table  7.6. Linear and quadratic effects of dietary fibre composition, ileal flow of fibre and fibre degraded before the caecum, in the caecum and in the whole 

digestive tract on the ileal flow of mucin, relative weight of the caecum and caecal pH (data from Chapters 4, 5 and 6. n = 11 diets).  

 

Ileal flow of mucin, g/d Relative weight of the caecum, g/kg Caecal pH 

 

Linear Quadratic Linear Quadratic Linear Quadratic 

 

Slope SEM P-value BIC P-value BIC Slope SEM P-value BIC P-value BIC Slope SEM P-value BIC P-value BIC 

Diet composition, g/kg                   

TDF    0.047 0.011   0.004 41.8 0.50 55.4  0.138 0.091   0.17 77.4 0.56 86.8 -0.006 0.002   0.007 2.9 0.70 20.6 

NDF   -0.043 0.047   0.39 46.8 0.81 56.0 -0.527 0.152   0.010 70.2 0.53 76.7 0.005 0.006   0.46 8.9 0.04 18.8 

ADF    0.040 0.054   0.48 46.8 0.37 55.7 -0.307 0.291   0.33 76.6 0.77 83.1 -0.012 0.007   0.14 8.1 0.16 21.7 

ADL   -0.034 0.067   0.63 46.7 0.56 53.9 -0.260 0.315   0.44 76.3 0.44 80.2 -0.006 0.008   0.49 8.4 0.84 20.3 

Soluble fibre    0.045 0.009   0.001 39.9 0.31 54.2 0.186 0.069   0.030 74.3 0.21 83.8 -0.006 0.001   0.003 2.1 0.90 21.1 

NDF/TDF -21.5 3.68   0.001 26.3 0.025 13.2 -88.2 31.6   0.027 61.7 0.72 34.7 2.72 0.618   0.003 -10.1 0.70 -15.5 

Soluble/TDF  21.5 3.68   0.001 26.3 0.48 17.6 88.2 31.6   0.027 61.7 0.28 47.9 -2.72 0.618   0.003 -10.1 0.98 -15.3 

TDF-ADF    0.044 0.012   0.007 43.6 0.31 57.0   0.272 0.063   0.003 75.5 0.20 84.4 -0.005 0.001   0.001 2.1 0.67 20.7 

ADL/NDF   -7.83 22.6   0.74 35.2 0.032 17.0 -47.8 107   0.67 65.2 0.012 42.3 -2.30 2.537   0.40 -3.5 0.061 -16.0 

ADL/soluble   -3.60 0.661   0.001 30.3 0.32 26.6 -11.9 6.14   0.094 67.6 0.47 60.0 0.328 0.146   0.060 -1.1 0.34 -1.6 

Ileal flow, g/d                   

DM    0.065 0.154   0.69 45.1 0.75 55.1    0.545 0.798   0.52 74.8 0.54 84.7 -0.011 0.018   0.56 7.0 0.57 16.9 

TDF   -0.036 0.188   0.86 44.9 0.18 47.9 -1.64 0.750   0.065 71.7 0.15 72.0 0.012 0.022   0.62 6.6 0.87 16.0 

NDF   -0.158 0.120   0.23 44.1 0.98 49.2 -1.23 0.468   0.034 70.7 0.75 72.9 0.032 0.011   0.024 1.9 0.61 11.5 

Soluble fibre    0.337 0.227   0.18 43.1 0.087 42.9 0.785 1.26   0.55 74.0 0.099 71.4 -0.063 0.016   0.005 -1.1 0.98 6.9 

Ileal degraded, g/d                   

TDF    0.225 0.062   0.008 38.9 0.99 45.8 0.793 0.420   0.10 73.1 0.57 75.8 -0.032 0.003 <0.001 -13.2 0.19 -2.1 

NDF    0.268 0.165   0.15 42.7 0.20 44.2 1.02 0.880   0.28 73.6 0.56 73.3 -0.057 0.010   0.001 -6.4 0.49 2.1 

Soluble    0.459 0.082   0.001 33.1 0.52 37.7 1.54 0.723   0.071 71.3 0.39 71.2 -0.049 0.014   0.009 -0.7 0.37 7.1 

Caecal degraded, g/d                   

TDF   -0.011 0.145   0.94 45.4 0.009 45.2 0.744 0.741   0.35 74.5 0.11 73.0 -0.004 0.018   0.81 7.3 0.07 12.7 

NDF   -0.038 0.266   0.89 44.2 0.98 46.9 0.748 1.39   0.61 73.8 0.16 71.4 -0.026 0.031   0.43 5.7 0.36 12.0 

Soluble fibre    0.601 0.445   0.22 42.4 0.14 41.5  5.90 0.823 <0.001 62.6 0.49 61.3 -0.098 0.024   0.005 -1.1 0.97 5.2 

Faecal degraded, g/d                   

TDF    0.209 0.056   0.008 39.9 0.85 48.9 0.930 0.359   0.036 71.5 0.18 74.7 -0.028 0.006   0.002 -2.5 0.81 10.8 

NDF    0.175 0.142   0.26 44.1 0.63 49.0 0.997 0.735   0.22 73.6 0.035 70.4 -0.045 0.011   0.004 -2.5 0.35 6.9 

Soluble fibre    0.384 0.065   0.001 34.1 0.33 40.2 1.58 0.553   0.025 69.5 0.17 70.3 -0.046 0.011   0.005 -1.4 0.84 9.0 
NDF was corrected for ash and protein (aNDFom-cp). Intestinal TDF and soluble fibre measurements were corrected for mucin. 
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The caecal pH is negatively related to the dietary soluble fibre (Table 7.6 and 

Figure 7.6), which was also reported by García et al. (2002) and Trocino et al. (2013), and 

in both cases caecal pH evolved inversely to caecal volatile fatty acids concentration. 

Moreover, the caecal pH also decreased with the insoluble but fermentable fibre from 

sugar or apple pulp (Chapters 4 and 5). In fact, caecal pH is better related to the 

disappearance of TDF before the caecum (Figure 7.7), suggesting than the real 

fermentation occurs in the caecum and that before the ileum occurs an important 

solubilisation of the fibre as discussed and hypothesized in Chapter 4. 

 

Figure 7.3. Effect the proportion of soluble fibre (TDF−aNDFom-cp) in TDF on the ileal 

mucin flow (g DM/d) in this study [Ileal flow of mucin = 0.821 (1.78) + 21.5 (3.68; P < 

0.001)  (soluble fibre/TDF). Data from: Chapter 4 (○), Chapter 5 (△), and Chapter 6 (☐)]. 

 

Figure 7.4. Effect of the proportion of soluble fibre (TDF-aNDFom-cp) in TDF on the 

relative weight of the caecum (% BW) in this study [Relative caecal weight = 53.9 (8.36) 

+ 88.2 (31.6; P = 0.027)  (soluble fibre/TDF). Data from: Chapter 4 (○), Chapter 5 (△), 

and Chapter 6 (☐)]. 
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Figure 7.5. Effect of neutral detergent fibre (TDF-aNDFom-cp) on the relative weight of 

the caecum (% BW) in this study [Relative caecal weight = 238 (48.4) – 0.527 (0.151; P 

= 0.01)  (aNDFom-cp). Data from: Chapter 4 (○), Chapter 5 (△), and Chapter 6 (☐)] 

compared to the quadratic effect of dietary NDF reported by De Blas et al. (1999). 

 

 

Figure 7.6. Effect of the proportion of soluble fibre (TDF-aNDFom-cp) in TDF on the 

caecal pH in this study [6.21 (0.136) -2.72 (0.618; P = 0.003)  (soluble fibre/TDF). 

Data from: Chapter 4 (○), Chapter 5 (△), and Chapter 6 (☐)]. 
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Figure 7.7. Effect of the amount of TDF degraded before the ileum on the caecal pH in 

this study [5.94 (0.11) – 0.032 (0.003; P <0.001)  (TDF degraded before the ileum). 

Data from: Chapter 4 (○), Chapter 5 (△), and Chapter 6 (☐)]. 
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VIII. CONCLUSIONS 

 

 

 The estimation of soluble fibre contents of the feedstuffs tested depended on the 

method used. The neutral detergent method tends to solubilize a greater proportion of 

fibre. However, it depends on the source of fibre. The sugar beet pulp is the most 

solubilized ingredient in neutral detergent solution.  

 

 The contamination of crude mucin determination with soluble fibre in the ethanol 

precipitation method can be corrected by using a pectinase to remove soluble fibre. 

 

 The ileal and caecal digestibility of TDF and soluble fibre should be corrected for the 

ileal and faecal mucin content. 

 

 The method selected to measure insoluble and soluble fibre did not have a relevant 

influence on the amount of the fermented fibre fractions. 

 

 Incrementing the soluble fibre using sugar beet and apple pulp increased the amount of 

TDF fermented due to the increasing proportions of both the insoluble and soluble 

fibre fractions fermented/solubilized before the caecum rather than in the caecum. 

 

 A positive effect on ileal mucin flow was produced by the soluble and insoluble sugar 

beet pulp fibre and only by the soluble fibre of the apple pulp. 

 

 Half of the soluble sugar beet pulp and apple pulp fibre were degraded before the 

caecum, independently of the source (pectin or sugar beet pulp/apple pulp).  

 

 For both pulps, sugar beet pulp and apple pulp, the caecal pH correlated better with the 

total amount of fermented TDF in the digestive tract rather than with that fermented in 

the caecum. This suggests that an ileal fibre solubilisation may occur rather than ileal 

fermentation. 
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Implications 

 

 The estimation of soluble fibre as TDF-aNDFom-cp is an adequate method considering 

its correlation with the physiological effects. 

 

 The TDF and soluble fibre digestibility must be corrected with intestinal mucins, 

especially when the ileal digestibility is determined. 
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ANNEX 

 

Table. In vitro digestibility of dry matter, aNDFom and crude protein (means ± standard deviation) of experimental diets and ingredients used in 

this PhD thesis. 

 
Diets

1
 Raw materials 

  LSF MSF HSF Control Pectin InsSBP SBP Pectin
2
 

Sugar 

beet 

pulp
3
 

Insoluble

SBP
4
 

Ligno- 

cellulose
5
 

Sunflower 

hulls 

Wheat 

straw 

In vitro digestibility two steps (pepsin/pancreatin), n=10 

Dry matter 65.6 ±1.90 64.8 ±1.27 64.6 ±3.12 63.3 ±0.78 63.4  ±1.41 62.2  ±0.98 60.1  ±1.20 98.6 ±1.01 32.5 ±1.75 12.4 ±1.36 2.08 ±0.52 12.7  ±0.98 16.6  ±0.95 

aNDFmo  1.54 ± 1.64 0.62 ±2.49 5.91 ±1.00 1.79 ±2.13 1.84 ±1.31 4.75 ±2.47 4.06 ±3.78 - 11.4 ±2.32 10.3 ±1.40 3.66 ±0.51 2.49 ±1.10 4.49 ±1.10 

Crude protein 67.3 ±0.60 70 ±0.55 75.2 ±0.82 91.0  ±0.20 91.6  ±0.33 90.1  ±0.26 89.2  ±0.33 - 58.6 ±1.09 60.8 ±0.61 -0.39 ±0.54 35.0  ±0.74 0.19 ±1.14 

In vitro digestibility three steps (pepsin/pancreatin/viscozyme), n=12 

Dry matter 67.3 ±1.23 70.0 ±2.98 75.2 ±2.07 67.3  ±1.35 68.4  ±0.91 73.7 ±1.28 72.0  ±1.44 99.2 ±0.59 81.3 ±0.74 68.3 ±1.99 5.79 ±1.32 22.7  ±1.11 21.6  ±0.92 

aNDFmo 13.1 ±3.48 14.9 ±3.55 23.9 ±3.51 10.6  ±3.53 13.4  ±2.41 28.7 ±3.33 24.0  ±3.75 - 68.6 ±1.27 67.0 ±2.11 4.88 ±1.33 10.2  ±1.30 7.49 ±1.09 

Crude protein 87.7 ±0.36 81.8 ±0.46 84.9 ±0.62 95.6  ±0.18 95.2  ±0.14 93.6 ±0.31 94.5  ±0.28 - 86.5 ±0.55 61.8 ±2.44 10.2  ±1.25 69.0  ±0.45 10.7  ±1.05 

1LSF: Diets from chapter 4 and 5: Low soluble fibre, MSH: Medium soluble fibre, HSF: High soluble fibre, InsSBP: Insoluble sugar beet pulp, SBP: sugar beet pulp. 2Betapec®. 3Fipec®.4 

Residue from sugar beet pulp (in hot NDF solution), filtrated and dried.5Arbocel®. 
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