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Abstract: In this review, the methods used to measure fibre and soluble fibre fractions are briefly presented
and the effects of the soluble fibre content in diets for growing rabbits reviewed by a meta-analysis of
studies available in literature, with the aim of elucidating the relationships with other dietary nutrients. Soluble
fiore was assumed as the difference between total dietary fibre (TDF) and neutral detergent fibre (NDF),
as it is simple to obtain and has been measured in numerous studies. Dietary soluble fibre content affects
the digestive utilisation of soluble and insoluble fibre fractions and its increase is associated with reduced
mortality in growing rabbits affected by epizootic rabbit enteropathy. This effect could be attributed to the
high fermentability of soluble fibre, the consequent changes in the intestinal microbiota and an enhanced gut
barrier function just after weaning. A supply of 12-14% of soluble fibre (as-fed) is recommended in diets for
post-weaning and growing rabbits containing around 30% NDF and 18% acid detergent fibre. The positive
effects of increasing dietary soluble fibre are linked to the use of sugar beet pulp as primary source of soluble
fibre and should be confirmed with other sources of soluble fibre.
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INTRODUCTION

Total dietary fibre (TDF) is the major fraction of commercial diets for rabbits (35-50% as-fed). Its importance is
related to the influence on the rate of passage of digesta and the function as substrate for microbiota, which in turn
affect and regulate rabbit growth performance and digestive health (Gidenne et al., 2010a, 2010b). Insoluble fibre
[corresponding to neutral detergent fibre (NDF)] has been widely recognised as the most important fibre fraction
and used to express fibre requirements: it accounts for about 65-90% of TDF in commercial diets for rabbits and is
quantified by rather standardised methodologies. The chemical composition (degree of lignification) and the physical
properties (particle size) of insoluble fibre also affect the rate of passage of digesta and the susceptibility of fibre to
fermentation (Gidenne et al., 2010a). Current recommendations state that diets for rabbits should contain at least
30% NDF and 16% acid detergent fibre (ADF) (De Blas and Mateos, 2010).

In contrast, soluble fibre (SF) has been neglected in rabbit nutrition until recently: it comprises non-starch and non-
NDF polysaccharides (Hall, 2003) and is a minor and heterogeneous fraction of the total dietary fibre (around 10-35%
of TDF). However, a positive role of SF in rabbit digestive health has been claimed (Perez et al., 2000; Soler et al.,
2004; Gémez-Conde et al., 2007) in a context of epizootic rabbit enteropathy (ERE), which has been associated
to improved intestinal mucosa integrity and modulation of intestinal microbiota (Gémez-Conde et al., 2007,
2009). However, results are not always consistent among studies. A previous review (Gidenne, 2003) associated
increased levels of dietary pectins and hemicelluloses with an increase of the sanitary risk and recommended a ratio
(pectins+hemicelluloses)/ADF below 1.3 in diets with at least 19% ADF from 28 to 42 d of age. Moreover, some
questions have not yet been clarified, such as the amount of SF utilised at ileum and caecum or the interactions
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between SF and other dietary nutrients. In fact, the most common feedstuff rich in SF (i.e. sugar beet pulp) used in
commercial and experimental diets also contains high levels of fermentable insoluble fibre, which makes it difficult to
distinguish between the effects of the 2 fractions.

The present review is intended as a starting point for discussion on SF in rabbit nutrition: methods to measure soluble
and insoluble fibre fractions will be briefly presented; the role of SF in digestive physiology will be discussed; the
effects of SF on performance and health will be reviewed by a meta-analysis of studies available in literature, also
with the aim of elucidating the relationships with other main nutrients. Finally, recommendations for dietary SF for
growing rabbits will be proposed.

DEFINITION AND QUANTIFICATION OF FIBRE FRACTIONS

Total dietary fibre

In human nutrition and in other mammals, total dietary fibre is defined as the polysaccharides and associated
substances resistant to mammalian enzymatic digestion and absorption that can be partially or totally fermented in
the gut (Hipsley, 1953; Burkitt et al., 1972; Trowell, 1974; DeVries, 2010). From a chemical point of view, TDF is
mainly constituted by the plant cell walls composed by a backbone of cellulose microfibrils embedded in a matrix of
lignin, hemicelluloses, pectins and proteins, as well as other substances linked to the cell wall (polyphenols, cutin,
gums, etc.) or in the cytoplasm (resistant starches, oligosaccharides, fructans, etc.) (Gidenne et al., 2010a).

TDF is primarily analysed by enzymatic-gravimetric methods based on the Association of Official Analytical Chemists
(AOAC, 2000) procedures 985.29 and 991.43, which solubilise the different non-fibrous substances with enzymes
and solvents and measure the weight of fibrous residues after these treatments (as reviewed by Bach Knudsen,
1997, 2001; DeVries, 2010; Elleuch et al., 2011). These procedures may differentiate the insoluble and soluble fibre
fractions. Besides, a recent update of the analytical methods also allows inclusion of non-digestible oligosaccharides
and resistant starch by the use of liquid chromatography (McCleary, 2007; McCleary et al., 2010).

In contrast, enzymatic-chemical methods first separate the fibre from the other nutrients enzymatically and then
quantify the fibre residue chemically by hydrolysing the polysaccharides in the residue and determining the content of
neutral sugars and uronic acids by means of gas-liquid chromatography or high-performance liquid chromatography
and colorimetry and the lignin residue (Klason lignin) gravimetrically (Englyst et al., 1994; Theander et al., 1995). They
may also differentiate the insoluble and soluble fibre fractions of the sample. However, these enzymatic-chemical
methodologies, designed to measure non-starch polysaccharides, may underestimate dietary fibre content and are
somewhat complex, expensive and difficult to implement as routine analysis, and characterised by a rather low
reproducibility (Mertens, 2003; Elleuch et al., 2011).

Insoluble dietary fibre

With relevance to animal digestive physiology, insoluble dietary fibre for herbivores is defined by Mertens (2003) as
“indigestible or slowly digesting organic matter of feeds that occupies space in the gastrointestinal tract”, that is,
from a chemical point of view, lignin (indigestible) and mostly hemicelluloses and celluloses (slowly digesting and
fermenting organic matter of feeds). Accordingly, insoluble dietary fibre does not comprise those polysaccharides of
plant cell walls which may be rapidly fermented (e.g. pectins), and those soluble ones which do not occupy space in
a liquid environment (e.g. fructans and gums) and are highly digested.

Insoluble dietary fibre may be quantified by the above mentioned AOAC methods for TDF by preventing the recovery
of water-soluble structural polysaccharides. However, the enzymatic-gravimetric determination of NDF is the most
simple, low-cost, rapid and reproducible method used to quantify insoluble fibre (Mertens, 2003). Due to the different
procedures available (Van Soest and Wine, 1967; Robertson and Van Soest, 1980; Mertens, 2002) and adaptations
in laboratories, the procedure of Mertens (2002) is recommended (Uden et al., 2005), where NDF is obtained with
a-amylase and sodium sulphite treatments and is expressed free from ash.

Weende crude fibre and acid detergent fibre (ADF) determinations may also be used to quantify insoluble fibre,
but neither of them fit with the aforementioned definitions of total or insoluble dietary fibre. In fact, the chemical
composition of crude fibre residue is highly variable depending on the feed; ADF does not quantify all the insoluble
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fibre, as hemicelluloses, and may contain some pectins when it is not obtained sequentially from NDF residue. As a
consequence, crude fibre or ADF cannot fully explain the effects exerted by insoluble fibre on herbivorous digestive
physiology. However, both of them are very useful to predict the nutritive value of diets for rabbits (Wiseman et al.,
1992; Villamide et al., 2009) and their analytical determinations have similar or even higher reproducibility compared
with NDF analysis (Xiccato et al., 1996, 2012).

Finally, the characterisation of insoluble fibre may be completed by determination of the lignin concentration by
treating the ADF residue with sulphuric acid (ADL), according to Robertson and Van Soest (1980). The method is
widely adopted, but it is more laborious and less reproducible compared with NDF determination (Xiccato et al., 1996;
Gidenne et al., 2001h).

The EGRAN (European Group on Rabbit Nutrition) proposed some recommendations to improve the reproducibility
among laboratories when determining insoluble fibre in compound feeds and raw materials for rabbits (Xiccato ef al.,
1996; Gidenne et al., 2001b).

In addition to the dietary insoluble fibre level, the type of insoluble fibre (i.e. the degree of lignification and particle
size) is also relevant in rabbit nutrition and digestive physiology (Nicodemus et al., 1999, 2006). To this end, besides
the lignin content, the proportion of lignin on insoluble fibre (ADL to NDF ratio) may give additional information (Garcia
etal., 2002).

Soluble fibre

SF is the part of TDF that comprises the non-starch and non-NDF polysaccharides, including pectic substances,
B-glucans, fructans and gums (Hall, 2003).

SF may be quantified as soluble dietary fibre (SDF) according to the Prosky enzymatic-gravimetric procedure (Prosky
et al., 1992; AOAC, 2000; Megazyme Ltd, 2005): the carbohydrates are solubilised in phosphate buffer or MES
(4-morpholine-ethanoesulfonic acid)/TRIS buffer; a-glucans are hydrolysed by amyloglucosidase; insoluble fibre is
separated by filtration; solubilised fibre is precipitated with an ethanol solution from the solvent extract and measured
gravimetrically after correction for protein and ash contents. Inaccuracies may arise from the partial degradation of
carbohydrates, incomplete extraction and/or precipitation with the addition of ethanol, the interference with other
substances and differences in the nature of the feeds analysed (Theander et al., 1995; Hall et al., 1997).

In addition, SF may be measured according to Hall et al. (1999) as the neutral detergent soluble fibre (NDSF) obtained
gravimetrically as the difference between the weight of the 80% ethanol-insoluble residue and those of starch and
NDF after correction for protein and ash. The NDSF determination may be affected by the accumulation of errors in
measurement of the different components, as well as the error linked to the coefficient (Nx6.25) used for protein
correction (Hall, 2003; Martinez-Vallespin et al., 2011).

Using enzymatic-gravimetric methods, SF may also be obtained as the difference between TDF and any measurement
of insoluble fibre. According to Van Soest et al. (1991), SF may be obtained by subtracting the content of NDF
after correction for ash and protein from the TDF value, thus including non-starch polysaccharides, i.e. fructans,
galactans, B-glucans and pectins (Xiccato et al., 2012). Finally, SF content may be calculated by difference as:
organic matter—(crude protein+crude fat-+soluble sugars-+starch+NDF).

In the present review, SF measured as the difference between TDF (which includes non-starch polysaccharides, lignin
and some resistant starches) (Elleuch et al., 2011) and NDF (which includes hemicelluloses, celluloses and lignin)
(Mertens, 2003) will be extensively used, since it was available in most studies on the role of SF in growing rabbits.

SOLUBLE FIBRE IN DIETS FOR GROWING RABBITS

In rabbit nutrition, Gidenne (2003) first proposed identifying SF and less lignified insoluble fibre by the term “digestible
fibre”, which is the sum of hemicelluloses (NDF—ADF) and pectins (estimated from tables of raw material composition)
and may also be directly calculated as TDF-ADF. Later, the majority of published papers rather referred to SF
measured as TDF-NDF or as NDSF.
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The studies carried out until now on the effect of SF or “digestible fibre” in growing rabbits have elucidated some
points, but also posed some questions: Is it possible to isolate the effect of SF from that of the other nutrients, in
view of the strict relationships among SF, insoluble fibre, starch and/or protein? As changes in SF levels are primarily
obtained by varying sugar beet pulp (SBP) inclusion rate, should the effects of SF level be ascribed to the SBP
inclusion rate itself?

In order to draw some general conclusions and isolate the effect of SF from that of the other nutrients, we collected the
data from 18 experiments performed in 4 laboratories in 3 countries (France, Italy and Spain) in which 90 experimental
diets were fed to rabbits from weaning until slaughter (Table 1). Diets were designed to evaluate the effect of SF or
“digestible fibre” in replacement of insoluble fibre (ADF) or starch at different protein levels.

On average, around 70% of the experimental diets were based on dehydrated alfalfa meal, cereals (barley or wheat
meal), SPB and wheat bran (Table 2), as usual in rabbit feeding (Maertens et al., 2002). SF levels were primarily
increased by increasing the rates of SBP and, in a few cases (Gidenne et al., 2004b; Gémez-Conde et al., 2007), of
citrus or apple pulp. The correlation between SF content and SBP rate was high and significant (=0.70; P<0.001).
Insoluble fibre primarily came from dehydrated alfalfa meal and sometimes from wheat straw.

Table 1: Studies on the effects of digestible fibre or soluble fibre in diets for growing rabbits performed at the University of

Padova (taly), INRA of Toulouse (France), Polytechnic University of Madrid and Polytechnic University of Valencia (Spain).

Definition used

in the paper Analytical/calculation method ~ Experiment arrangement Reference (Code)

Digestible fibre Hemicelluloses (NDF=ADF)+ DF/starch ratio Gidenne and Jehl, 1996;
pectins? Jehl and Gidenne, 1996

Digestible fibre Hemicelluloses (NDF—ADF)+ DF/starch ratio Gidenne and Perez, 2000;
pectins? Perez et al., 2000

Digestible fibre Hemicelluloses (NDF=ADF)+ DF/starch ratio Gidenne and Bellier, 2000
pectins?

Digestible fibre Hemicelluloses (NDF—ADF)+ DF/starch ratio Gidenne et al., 2004a
pectins?

Digestible fibre Hemicelluloses (NDF=ADF)+ DF/starch ratioxADF level Gidenne et al., 2004b
pecting?

Digestible fibre Hemicelluloses (NDF—ADF)+ DF/starch ratio Soler et al., 2004
pectins?

Digestible fibre Hemicelluloses (NDF=ADF)+ DF/ADF ratioxCP level Xiccato et al., 2006
pecting?

Digestible fibre TDF-ADF DF/ADF ratioxstarch level Carraro et al., 2007

Digestible fibre TDF-ADF DF/starch ratio Xiccato et al., 2008

Digestible fibre TDF-ADF DF/starch ratio Tazzoli et al., 2009

NDSF Hall et al. 1997 NDSF/ADF ratio Gomez-Conde et al., 2007

and 2009
Soluble fibre TDF-NDF without corrections®  SF/starch ratioxCP source Trocino et al., 2010
Soluble fibre TDF-NDF with correction® Source of pectins Abad, 2011;
El Abed et al., 2011a

Soluble fibre TDF-NDF with corrections® SF/starch ratioxCP level Xiccato et al., 2011

Soluble fibre TDF-NDF with corrections® Starch/ADF ratioxSF level Trocino et al., 2011

Soluble fibre TDF-NDF with corrections® (SF+starch)/ADF ratioxCP level  Tazzoli, 2012 (exp. 1 and 2)

Soluble fibre TDF-NDF with corrections® SF/starch ratioxCP level Trocino et al., 2013

ADF: acid detergent fibre; CP: crude protein; DF: digestible fibre; NDF: neutral detergent fibre; NDSF: neutral detergent soluble fibre;
SF: soluble fibre; TDF: total dietary fibre.

“Pectin contents of diets were calculated on the base of ingredient composition and tables on chemical composition of raw materials.
"Corrections for ash and protein contents of NDF residue.
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Table 2: Variation of the ingredient inclusion levels (%) of the 90 diets tested in the 18 experiments listed in Table 1.

Average  Standard deviation Minimum Maximum
Dehydrated alfalfa meal (%) 20.1 17.0 0 72.0
Barley+wheat meal (%) 19.5 14.9 0 86.0
Sugar beet pulp? (%) 16.0 11.8 0 49.0
Wheat bran (%) 14.3 9.81 0 35.2

“Citrus and apple pulp were used in 2 experiments (Gidenne et al., 2004b; Gémez-Conde et al., 2007).

Chemical composition differed among experimental diets (Table 3): changes in crude protein contents of the diets
were in a narrow range (from 14 to 18% as-fed) and close to recommendations for growing rabbits (De Blas and
Mateos, 2010); the contents of NDF, ADF, lignin and starch were sometimes far from recommendations; the degree
of lignification of the insoluble fibre (ADL to NDF ratio) varied between 8 and 15%. SF ranged from 1.8 to 14.7% and
was not homogeneously measured in all experiments: in most cases, it was calculated as TDF-NDF (the latter not
always corrected for protein and ash contents); sometimes, it corresponded to the estimated pectin content; only once
(Goémez-Conde et al., 2007), SF was measured as NDSF (Hall et al., 1997).

A number of traits measured in the different studies were taken into account in order to find relationships between
dietary nutrients and /n vivo response of the animal (Table 3). In details, the feed conversion ratio was selected to
evaluate the performance of growing rabbits and the farm efficiency; the faecal digestibility of dry matter (DM) and
fibre fractions (NDF, ADF, SF) was used to evaluate the diet utilisation; data on caecal pH and total volatile fatty
acids (VFA) content were considered to describe the fermentation activity and gut health. In addition, when the

Table 3: Variation of the chemical composition (% as-fed) of the diets and the traits measured in the 18 experiments listed
in Table 1.

No. Average  Standard deviation ~ Minimum Maximum

Chemical composition

NDF (%) 90 32.4 3.79 19.4 423
ADF (%) 90 18.0 2.81 9.20 25.3
ADL (%) 90 3.63 1.01 0.80 5.10
SF (%) 90 7.69 3.08 1.76 14.7
Hemicelluloses (NDF—ADF) (%) 90 14.4 1.91 9.32 19.3
Starch (%) 90 15.0 5.92 2.50 34.0
Crude protein (%) 90 15.8 0.97 13.7 18.3
Traits
Digestible energy (MJ/kg) 76 10.2 0.99 8.11 12.4
Feed conversion ratio 73 3.05 0.33 2.54 4.04
DM faecal digestibility (%) 62 62.7 5.4 49.7 75.8
NDF faecal digestibility (%) 80 31.3 94 14.3 51.7
ADF faecal digestibility (%) 76 21.8 7.9 2.6 1.7
SF faecal digestibility (%) 62 89.1 8.3 69.7 100
Caecal pH 67 5.92 0.24 5.23 6.57
Caecal volatile fatty acids (mmol/L) 63 65.6 9.68 495 89.1
Mortality® (%) 59 19.8 13.2 2.4 47.2
Gut proportion® (%) 55 18.2 0.80 16.7 20.2
Dressing percentage’ (%) 55 60.4 0.78 58.2 61.9

ADF: acid detergent fibre; ADL: acid detergent lignin; DM: dry matter; NDF: neutral detergent fibre; SF: soluble fibre.

AWhen the soluble fibre was not available as TDF-NDF (Van Soest et al., 1991) or as neutral detergent soluble fibre (NDSF, Hall et al.,
1997), the pectin content of the diets given in the paper was used. “Only experiments which reported the occurrence of digestive
diseases were considered. °Full gut weight/slaughter weightx100. “Cold carcass weight/slaughter weightx100.
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experiments reported the occurrence of digestive diseases the mortality rate was also considered. Finally, to provide
some information on the effects of dietary treatments on carcass performance at commercial slaughter, the proportion
of gut and the dressing percentage values were included in the data analysis.

“Digestible fibre” vs. soluble fibre

As a first step of our analyses of published studies, both SF (TDF-NDF) and “digestible fibre” (TDF—ADF) were used
to calculate regressions to predict the above traits on the most homogeneous dataset, which was the 10 experiments
performed at the University of Padova (Table 4). The analysis of variance was performed by PROC GLM (SAS, 1991)
which included experiment as a class, and SF or “digestible fibre” and their interaction with the experiment as
covariates.

The use of SF or “digestible fibre” contents to predict feed conversion, digestive utilisation of diets, caecal fermentation
activity and health of rabbits was rather equivalent (Table 4), even if R? increased and the error decreased when using
SF. “Digestible fibre” played a role only in the prediction of the gut proportion (P=0.09) and dressing percentage at
slaughter (P=0.05).

The lower performance of regressions based on “digestible fibre” is likely explained by the low prediction weight
of hemicelluloses. In fact, hemicellulose content in our dataset showed a lower variability (coefficient of variation,
CV=13%) compared with the variability of pectin content (CV=40%). Moreover, the digestive utilisation of
hemicelluloses may vary greatly depending on the different nature of insoluble fibre (in terms of lower lignification and
complexity of the cell walls or different hemicellulose constituents) (Gidenne, 1992; Carabafio et al., 2001; Garcia
etal., 2002). In fact, the content of digestible hemicelluloses may be lower than that of digestible cellulose, as usually
occurs in diets containing high levels of alfalfa and straw compared to those with high levels of SBP and wheat bran,
and the contents of the 2 fractions are not correlated (Figure 1). Moreover, the digestible hemicellulose content
decreases with the lignification degree of the insoluble fibre (Figure 2).

Based on the discussion and regressions above, in the meta-analysis of the 18 experiments we preferred the SF
content because ) the “digestible fibre” is not likely to measure the fibre really digested by the rabbit with all types
of diets; /) the SF corresponds to chemically defined substances; i) regressions based on SF explain more variability
and are more accurate than regressions based on “digestible fibre”.

Table 4: Explained variance (R?) and residual standard deviation (RSD) of regressions® based on soluble fibre and digestible
fibre content (n=55").

Soluble fibre (TDF-NDF) Digestible fibre (TDF-ADF)

R? RSD P-value R? RSD P-value
Feed conversion ratio 0.93 0.12 <0.001 0.82 0.18 <0.001
Digestible energy (MJ/kg) 0.89 0.37 <0.001 0.73 0.57 <0.001
DM faecal digestibility (%) 0.86 2.52 <0.001 0.66 3.91 <0.001
NDF faecal digestibility (%) 0.89 3.53 <0.001 0.73 5.51 <0.001
ADF faecal digestibility (%) 0.88 3.34 <0.001 0.71 5.25 <0.001
SF faecal digestibility (%) 0.90 3.28 <0.01 0.87 3.81 <0.01
Caecal pH 0.74 0.11 0.04 0.71 0.11 0.02
Caecal VFA (mmol/L) 0.78 5.76 <0.001 0.73 6.36 <0.001
Mortality (%) 0.82 5.66 <0.001 0.76 6.70 0.02
Gut proportion (% SW) 0.87 0.37 0.1 0.86 0.37 0.09
Dressing percentage (%) 0.82 0.40 0.14 0.84 0.38 0.05

ADF: acid detergent fibre; DM: dry matter; NDF: neutral detergent fibre; SF: soluble fibre; SW: slaughter weight; VFA: volatile fatty acids.
Analysis of variance by PROC GLM (SAS, 1991) included the experiment as a class and soluble fibre or digestible fibre and their
interaction with the experiment as covariates. *Dataset of 55 dietary treatments from 10 experiments performed at the University
of Padova (see Table 1).

World Rabbit Sci. 21: 1-15



DIETARY SOLUBLE FIBRE IN GROWING RABBITS

Results of meta-analysis of studies on SF

As a first calculation step, the ADF, SF, hemicellulose,
starch and crude protein contents of diets were
selected out of all chemicals as independent variables
due to their low variance inflation (<3). Then, the meta-
analysis of the data from the 18 experiments was
performed using the mixed model proposed by Sauvant
et al. (2008), which included the experiment and the
interaction experimentxnutrient as random effects and
the nutrients as fixed factors.

Only the ADF and SF content entered the regression
equations with a significant effect on the tested
variables. The other nutrients were not included in
equations due to lack of significant effect, low F-value
and small decrease in the error term when they were
added to the first nutrient in the regressions.

Feed conversion ratio and faecal digestibility: Feed
conversion ratio, digestible energy content of diets
and faecal digestibility of dry matter measured in
growing rabbits were significantly affected by the
dietary content of ADF and not by the SF content
(Table 5). Feed conversion ratio was impaired when
the dietary ADF level increased. The slope coefficient
for ADF (—0.295 on as-fed basis) in the equation for
the prediction of digestible energy content was higher
than those previously obtained by other authors (De
Blas et al., 1992; Fernandez-Carmona et al., 1996;
Villamide et al., 2009) (from —0.12 to —0.21 ADF on
DM basis). In all cases, however, ADF content was
negatively correlated with the digestible energy content
of diets. Xiccato and Trocino (2010) calculated that
feed conversion ratio was impaired by 0.029 points
when the DE content decreased by 1 MJ/kg diet, as
a consequence of the increased feed intake (+12 g/d).

The digestibility of NDF and ADF depended on both
ADF and SF content, with a negative coefficient for the
former and a positive coefficient for the latter, whereas
the faecal digestibility of SF was explained by the SF
content itself (Table 5).

In fact, when the SF to TDF ratio increased, the faecal
digestibility of TDF improved (Figure 3) because of the
high digestibility of SF itself (on av. 89.1%; Table 3)
and the low lignification of the insoluble fibre contained
in raw materials used to increase dietary SF level (i.e.
SBP) (Martinez and Fernandez, 1980; Gidenne, 19874,
1987b; De Blas and Villamide, 1990; Carabafo et al.,
1997). Moreover, when the SF to TDF ratio increased,
the digestive utilisation of TDF either in the ileum or
the caecum also increased (Figure 4) (Abad, 2011;
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Table 5: Regression equations? calculated on the chemical composition of the diets used in the 18 experiments listed in

Table 1.

Variable Equation RSD P-value
Feed conversion ratio 1.43+0.089 ADF 0.003 <0.001
Digestible energy (MJ/kg) 15.40-0.29 ADF 0.13 <0.001
DM faecal digestibility (%) 101-2.07 ADF 0.87 <0.001
NDF faecal digestibility (%) 56.7-2.32 ADF+1.93 SF 1.36 <0.001
ADF faecal digestibility (%) 39.8-1.89 ADF+1.88 SF 1.20 <0.001
SF faecal digestibility (%) 81.7+0.09 SF 1.95 <0.01

RSD: residual standard deviation; DM: dry matter; NDF: neutral detergent fibre; ADF: acid detergent fibre; SF: soluble fibre.
aThe mixed model included the experiments and the experimentxnutrient interactions as random effects and the nutrients as fixed
factors (Sauvant et al., 2008). Regressions with no significant effect (gut proportion and dressing percentage) are not presented in

the table. Dietary ADF and SF are expressed in % (as-fed).

Abad et al., 2012). Accordingly, the average ileal digestibility of SF was 40% and ranged from 10 to 65% in diets
with different SF level and ingredient composition (Abad, 2011; Abad et al., 2012), consistently with previous data on
ileal digestibility of arabinose and uronic acids (main components of pectins) (average value: 35%; range: 20-50%)

(Gidenne, 1992; Carabafio et al., 2001).

In fact, increasing dietary SF content may stimulate the growth of fibrolytic microbiota in the gut, thus increasing the
utilisation at both ileum and caecum of insoluble fibre fractions (hemicelluloses and ADF) (Gomez-Conde et al., 2007

and 2009).
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Figure 3: Relationships between soluble fibre (SF)/total dietary
fibre (TDF) ratio of diets and TDF faecal digestibility (TDFd). RSD:
residual standard deviation. TDFd=5.49(+1.79)+174(x3.74)
SF/TDF. RSD=1.94; P<0.001. M Xiccato et al, 2006.
[J Carraro et al, 2007. /\ Gémez Conde et al., 2007.
a Xiccato et al,, 2008. X Tazzoli et al., 2009. X Trocino et al.,
2010. O Abad., 2011. + Trocino et al,, 2011. @ Xiccato
etal., 2011. < Tazzoli, 2012 (exp.1). 4 Tazzoli, 2012 (exp.2).
= Trocino et al., 2013.
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Figure 4: lleal and caecal fermentation of total dietary fibre
(TDF) as affected by soluble fibre (SF)/TDF ratio of the diets.
Fermented TDF=-0.87(+1.79)+0.39(+0.079)SF/TDF.  RSD:
residual standard deviation. n=8; P .=0.004; R*=0.90;
RSD=1.53; P, .,=0.092. PSF/TDFxsegmentZO'SO' Diet D1,
100% of dietary neutral detergent fibre (NDF) and TDF
from sunflower hulls and straw; Diet D2, 65% of NDF from
sunflower hulls and straw and 35% from sugar beet pulp
(Abad, 2011). Diet D3, 50% of NDF from oat and sunflower
hulls and 50% from alfalfa, wheat and soybean meal; Diet D4,
20% of NDF from oat and sunflower hulls, 30% sugar beet
pulp and 50% from alfalfa, wheat and soybean meal (Abad
etal., 2012). @ lieal TDF. A\ Caecal TDF.
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Caecal fermentation traits: The SF level affected caecal
pH and caecal total volatile fatty acids concentration
(Figure 5 and 6). As commented above, by modifying
the amount and type of substrate reaching the caecum,
the SF level affects ileal and caecal microbiota
composition (Goémez-Conde et al., 2007 and 2009)
and, thus, caecal fermentation activity.

The increase in dietary SF at the expense of insoluble
fibre or starch is known to promote caecal fermentation
in fattening rabbits (Jehl and Gidenne, 1996; Falcdo-e-
Cunha et al., 2004; Xiccato et al., 2006, 2008, 2011;
Trocino et al., 2011). In some studies, moreover, higher
proportions of acetate and lower rates of butyrate were
found in the caecum of rabbits fed diets with high levels
of SBP (Fraga et al., 1991; Falcdo-e-Cunha et al.,
2004; Gidenne et al., 2004a; Xiccato et al., 2011),
which have been associated with a greater availability
of substrate fermentable by fibrolytic bacteria (Falcéo-
e-Cunha et al., 2004) and a lower activity of amylolytic
microflora in the caecum (Parigi Bini et al, 1990;
Gidenne et al, 2000; Blas and Gidenne, 2010).
However, in other studies, caecal fermentation pattern
did not vary according to the SF level (Carabafio et al.,
1997; Gomez-Conde et al, 2009; Trocino et al.,
1999, 2010, 2011; Belenguer et al, 2011). The
contemporary variations in the insoluble fibre level
and its degree of lignification are responsible for the
different results among studies (Garcia et al., 2002).

Finally, whether the increase of caecal VFA and the
decrease of pH may be considered positive for rabbit
health is not definitively stated. In fact, reviewing several
studies, neither Garcia et al. (2002) nor Gidenne et al.
(2010b) found a clear relationship between the 2 traits
or between these 2 traits and the development of some
enteric pathogens (such as E. coll).

Health status: The variability in the data of mortality
linearly depended on SF content (Figure 7), while other
dietary characteristics (e.g. ADF, starch or protein
contents) did not enter into the equation. From the
dataset we used, mortality fell below 5% when dietary
SF content was at about 12% and reached 0% when
dietary SF content reached about 14% (Figure 7). In
fact, some studies have shown a decrease in rabbit
mortality and morbidity caused by epizootic rabbit
enteropathy and other digestive disorders when SF
replaced insoluble fibre (Gdmez-Conde et al., 2007;
Xiccato ef al., 2006) or starch (Jehl and Gidenne,
1996; Perez et al., 2000; Soler et al., 2004; Xiccato
etal., 2008, 2011).
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Figure 5: Relationships between dietary soluble fibre (SF) level
(% as-fed) and caecal pH. RSD: residual standard deviation.
pH=6.23(+0.26)-0.037(+0.08)SF. RSD=0.047. P<0.001.
[ Gidenne and Jehl, 1996. A Gidenne and Bellier, 2000.
@ Xiccato et al., 2006. l Carraro et al., 2007. X Gomez-
Conde et al., 2007. A Xiccato et al., 2008. X Tazzoli et al.,
2009. A Trocino et al, 2010. El Abed et al., 2011.
-+ Trocino et al., 2011. @ Xiccato et al., 2011, == Tazzoli,
2012 (exp.1).<> Tazzoli, 2012 (exp.2).= Trocino et al., 2013.
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Figure 6: Relationships between dietary soluble fibre (SF) level
(% as-fed) and caecal total volatile fatty acids (VFA). RSD:
residual standard deviation. VFA=48.9(x1.74)+2.05(0.60)
SF. RSD=2.41. P<0.001. [J Gidenne and Jehl, 1996.

Gidenne and Bellier, 2000. 4 Xiccato et al, 2006.
W Carraro et al, 2007. X Gomez-Conde et al, 2007.
A Xiccato etal., 2008. X Tazzoli et al., 2009. A Trocino et al.,
2010.+Trocino etal., 2011, @ Xiccato etal., 2011, == Tazzoli,
2012 (exp.1).< Tazzoli, 2012 (exp.2).= Trocino et al., 2013.
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Figure 7: Relationships between dietary soluble fibre (SF) level
(% as-fed) and mortality rate of growing rabbits. RSD: residual
standard deviation. Mortality=36.0(x-2.1)-2.59(+0.71)SF.
RSD=3.14 P<0.001. ] Gidenne and Jehl, 1996. A Gidenne
and Perez, 2000. + Gidenne et al., 2004a. Gidenne
et al., 2004b. O Soler et al., 2004. @ Xiccato et al., 2006.
W Carraro et al, 2007. X Goémez-Conde et al, 2007.
A Xiccato et al., 2008. X Tazzoli et al., 2009. == Tazzoli, 2012
(exp.1).< Tazzoli, 2012 (exp.2).

The reduction in the mortality rate has been associated
with higher jejunal villi height to crypt depth ratio and
disaccharidase activity in young rabbits (35 d of age)
fed increasing levels of SF and fermentable insoluble
fibre (Gomez-Conde et al., 2007). Indeed, higher villi
heightto crypt depth ratio was also recordedin 35-d-old
rabbits when a diet containing non fermentable
insoluble fibre (from wheat straw, sunflower hulls)
was supplemented with SF (pectins from SBP) or with
fermentable insoluble fibre (insoluble fibre from SBP),
or, especially, with SBP (as source of both soluble and
insoluble fermentable fibre) (EI Abed et al., 2011a).
SF and fermentable insoluble fibre from SBP may
also exert their positive effects on rabbit health after
weaning by increasing the number of Goblet cells per
villi and the ileal viscosity as a consequence of a high
mucin production (El Abed et al., 2011b). However,
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) (Trocino et al., 2010, 2011;
Xiccato et al., 2011). The sampling site (jejunum vs.
ileum), time after weaning and health status of the
animals may also contribute to these differences.
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Gut proportion and slaughter results: Several studies
reported an increase of full gut weight at slaughter
and a consequent decrease in dressing percentage
when rabbits received diets containing high levels of
SF (and SBP) (Garcia et al., 1993; Carabafio et al.,
1997; Falcdo-e-Cunha et al., 2004; Trocino et al.,
2011). The contemporary wide variations in insoluble
fibre (NDF or ADF) in diets used in those experiments
might explain most of these variations (Garcia et al.,
2002). However, also when iso-ADF diets were used,
the results were not consistent among studies: some
authors did not find a real impact of SBP inclusion
on the filling of digestive organs (Jehl and Gidenne,
1996; Gidenne and Perez, 2000; Trocino et al., 2010;
Margiienda et al, 2012) while others authors did
(Fraga et al., 1991; Carabafio et al., 1997). A special
role in increasing the weight of caecal content has
been attributed to the insoluble fibre of SBP, which
may reach the caecum and increase the amount of
fibre here fermented (Abad, 2011).

In our meta-analysis, no nutrient was selected at a
significant level (P<0.05) in equations to predict gut
proportion and dressing percentage at commercial
slaughter. Large differences in final slaughter age
and live weight at slaughter among animals of the
different trials as well as different pre-slaughter
treatments (starvation or not; the duration of transport
and pre-slaughter wait, etc.) likely contributed to hide
the effects of the fibre fractions on gut proportion and
dressing percentage of rabbits at slaughter (Trocino
etal., 2003; Cavani et al., 2009).

Effect of SBP inclusion rate: When regressions
were calculated on the SBP inclusion rate of diets,
digestible energy content of diets and feed conversion
ratio were not affected (Table 6), which indicates that
the insoluble fibre coming from other ingredients also
helps explain the variability of these data.

Gut proportion on slaughter weight and dressing
percentage were not affected by the SBP level, as they
were not affected by the SF level. In contrast, faecal
digestibility of DM and all fibre fractions increased with
the SBP inclusion rate, which agrees with the above
discussion on the effect of SF level on the digestive
utilisation of soluble and insoluble fibre fractions.
Similarly, the effect of SF on caecal fermentation traits
(pH and VFA concentration) as well as on mortality
was associated with changes in SBP inclusion rate,
even if the estimate errors were generally higher when
SPB rate was used in the equation instead of SF level.
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Table 6: Regression equations?® calculated on the sugar beet pulp inclusion rate of the diets used in the 18 experiments
listed in Table 1.

Variable Equations RSD P-values
DM faecal digestibility (%) 58.0+0.303 SBP 1.09 <0.01
NDF faecal digestibility (%) 22.8+0.545 SBP 1.54 <0.001
ADF faecal digestibility (%) 13.7+0.506 SBP 1.52 <0.001
SF faecal digestibility (%) 85.9+0.207 SBP 1.73 0.001
Caecal pH 6.04-0.007 SBP 0.045 <0.001
Caecal volatile fatty acids (mmol/L) 58.8+0.432 SBP 2.39 <0.001
Mortality (%) 23.6-0.374 SBP 3.41 <0.01

ADF: acid detergent fibre; DM: dry matter; NDF: neutral detergent fibre; RSD: residual standard deviation; SBP: sugar beet pulp
inclusion rate (% of the diet); SF=soluble fibre.

aThe mixed model included the experiment and the experimentxSBP interaction as random effects and the SBP as fixed factors
(Sauvant et al., 2008). Regressions with no significant effect (digestible energy, feed conversion ratio, gut proportion, dressing
percentage) are not presented in table.

SOLUBLE FIBRE REQUIREMENTS

With a view to preventing digestive troubles, fibre requirements should not be based only on insoluble fibre, but
also on SF. According to the French researchers at the Institut National de Recherche Agronomique (INRA), the
dietary supply of “digestible fibre” must be considered in strict relation to dietary ADF and the “digestible fibre”
to ADF ratio should not exceed 1.3 (Gidenne et al., 2010b). This limit implies a maximum level of SF at 12-13%
as-fed for a maximum SF to ADF ratio of 0.63, since INRA also recommends a minimum dietary supply of 19-
17% ADF and 12-10% hemicelluloses (the higher values during post-weaning period and the lower ones during
fattening period).

The Spanish researchers at the Polytechnic University of Madrid prefer to express recommendations in terms of
dietary NDSF content around 12% in diets fed during the post-weaning period, without limits during the fattening
(Gidenne et al., 2010b) once insoluble fibre (NDF, ADF and ADL) requirements are satisfied (De Blas and Mateos,
2010). These latter recommendations are in agreement with the optimal SF level (12% as-fed) to control mortality
below 5%, as mentioned above, whereas higher SF levels (14%) would allow us to abate mortality based on the
meta-analysis of available results.

However, few experimental data are available with diets containing SF levels higher than 12% and further research
would therefore be useful to elucidate the response of rabbits to a higher dietary SF supply. Moreover, these results
need to be confirmed with diets containing SF sources other than SBP (e.g. apple pulp, citrus pulp, chicory), even
if the formulation of diets containing such high levels of SF would not be easy without SBP, which is currently the
most widely used and cheap source of SF (24.3% DM) (Xiccato et al., 2012).

CONCLUSIONS

SF may be measured and calculated by different methods and procedures. In this review, we referred to SF as the
difference TDF-NDF due to its simplicity and the numerous studies that measured it. The increase in dietary SF has
a positive effect on the reduction of mortality in growing rabbits affected by epizootic rabbit enteropathy and this
result could be ascribed to the high SF fermentability and the changes exerted on the intestinal microbiota and the
enhanced gut barrier function. Fermentable insoluble fibre likely shares with SF the responsibility for these effects.
A minimum SF supply of 12% as-fed should be guaranteed in diets for post-weaning and growing rabbits
containing around 30% NDF and 18% ADF to maintain mortality below 5%. These conclusions are linked to the
use of SBP as primary source of SF and should be confirmed with other SF sources.

World Rabbit Sci. 21: 1-15

i



12

TrociNo ef al.

Acknowledgments: The Authors wish to thank Dr. Enrico Sturaro for his kind help in the revision of statistical methods to perform

meta-analysis.

REFERENCES

Abad R. 2011. Quantification and nutritional relevance of insoluble
and soluble sugar beet pulp fibre in rabbits. MSc Thesis. 53
pp. Mediterranean Agronomic Institute of Zaragoza, University
of Zaragoza and Spanish Foundation for the Development of
Animal Nutrition, Spain.

Abad R., Gomez-Conde M.S., Carabafio R., Garcia J. 2012. Efecto
del tipo de fibra sobre la digestibilidad ileal y fecal de la fibra.
In Proc.: XXXVIIl Symposium de Cunicultura de ASESCU, 24-25
May, 2012. Barbastro, Spain, pp. 51-54.

Avarez J.L., Margiienda I., Garcia-Rebollar P, Carabaio R., de Blas
C., Corujo A., Garcia-Ruiz A.l. 2007. Effects of type and level
of fibre on digestive physiology and performance in reproducing
and growing rabbits. World Rabbit Sci., 15: 9-17. doi:10.4995/
wrs.2007.610

AOAC. 2000. Official Methods of Analysis. 77" ed. Association of
Official Analytical Chemists, Arlington, VA, USA.

Bach Knudsen K.E. 1997. Carbohydrate and lignin contents of plant
materials used in animal feeding. Anim. Feed Sci. Tech., 67:
319-338. doi:10.1016/50377-8401(97)00009-6

Bach Knudsen K.E. 2001. The nutritional significance of “dietary
fibre” analysis. Anim. Feed Sci. Tech., 90: 3-20. doi:10.1016/
S0377-8401(01)00193-6

Belenguer A., Fondevila M., Balcells J., Abecia L., Lachica M., Carro
M.D. 2011. Methanogenesis in rabbit caecum as affected by
the fermentation pattern: in vifro and in vivo measurements.
World Rabbit Sci., 19: 75-83. doi:10.4995/wrs.2011.826

Blas E., Gidenne T. 2010. Digestion of sugars and starch.
In: de Blas C., Wiseman J. (ed). The Nutrition of the
Rabbit.  CABI Publishing, Wallingford, UK, pp. 19-38.
doi:10.1079/9781845936693.0000

Burkitt D.P,, Walker A.R.P., Painter N.S. 1972. Effect of dietary
fibre on stools and transit-times, and its role in the causation
of disease. Lancet 300: 1408-1411. doi:10.1016/50140-
6736(72)92974-1

Carabafio R., Motta-Ferreira W., de Blas J.C., Fraga M.J. 1997.
Substitution of sugarbeet pulp for alfalfa hay in diets for growing
rabbits. Anim. Feed Sci. Tech., 65: 249-256. doi:10.1016/
S0377-8401(96)01073-5

Carabafio R., Garcfa J., de Blas J.C. 2001. Effect of fibre source
on ileal apparent digestibility of non-starch polysaccharides in
rabbits. Anim. Sci., 72: 343-350.

Carraro L., Trocino A., Fragkiadakis M., Xiccato G., Radaelli G. 2007.
Digestible fibre to ADF ratio and starch level in diets for growing
rabbits. ftal. J. Anim. Sci., 6 (Suppl. 1): 752-754. doi:10.4081/
[jas.2007.18.752

Cavani C., Petracci M., Trocino A., Xiccato G. 2009. Advances in
research on poultry and rabbit meat quality. /tal. J. Anim. Sci., 8
(Suppl. 2): 741-750. doi:10.4081/jjas.2009.s2.741

De Blas C., Villamide M.J. 1990. Nutritive value of beet and
citrus pulps for rabbits. Anim. Feed Sci. Tech., 31: 239-246.
doi:10.1016/0377-8401(90)90128-U

De Blas C., Mateos G.G. 2010. Feed Formulation. /n: de
Blas C., Wiseman J. (ed). The Nutrition of the Rabbit. 2"
Edition. CABI Publishing, Wallingford, UK, pp. 222-232.
doi:10.1079/9781845936693.0000

World Rabbit Sci. 21: 1-15

De Blas C., Wiseman J., Fraga M.J., Vilamide M.J. 1992.
Prediction of the digestible energy and digestibility of gross
energy of feeds for rabbits. 2. Mixed diets. Anim. Feed Sci.
Tech., 39: 39-59. doi:10.1016/0377-8401(92)90030-A

DeVries J.W. 2010. Validating official methodology commensurate
with dietary fibre research and definitions. In: Van der Kamp
J.W., Jones J., McCleary B., Topping D. (eq). Dietary Fibre.
New Frontiers for Food and Health, Wageningen Academic
Publishers, The Netherlands, pp. 29-48.

El Abed N., Delgado R., Abad R., Romero C., Fernandez A., Villamide
M.J., Menoyo D., Garcia J., Carabafio R. 2011a. Effect of
sugar beet pulp fibre fractions on growth performance, fecal
digestibility and digestive physiology in rabbits around weaning.
In Proc.. Giornate di Coniglicoltura ASIC 2011, 8-9 April, 2011.
Forli, ltaly. pp. 75-77. Available at: http.//www.asic-wrsa.it/
documenti/giornate2011/lavori/L11_Elabed.pdf. Accessed July
2012.

El Abed N., Delgado R., Abad R., Romero C., Villamide M.J., Menoyo
D., Carabafio R., Garcia J. 2011b. Soluble and insoluble fibre
from sugar beet pulp enhance intestinal mucosa morphology
in young rabbits. In Proc.. 62" Annual meeting of the
European Federation of Animal Science, Book of abstracts p.
159, Stavanger, Norway. Wageningen Academic Publishers.
Available at: http://www.eaap.org/Previous_Annual_
Meetings/2011Stavanger/Stavanger_Book_of_Abstracts.pdf.
Accessed July 2012.

Elleuch M., Bedigian D., Roiseux O., Besbes S., Blecker C., Attia
H. 2011. Dietary fibre and fibre-rich by-products of food
processing: Characterisation, technological functionality and
commercial applications: A review. Food Chem., 124: 411-421.
doi:10.1016/).foodchem.2010.06.077

Englyst H.N., Quigley M.E., Hudson G.J. 1994. Determination of
dietary fibre as non-starch polysaccharides with gas-liquid
chromatographic, high-performance liquid chromatographic
or spectrophotometric measurement of constituent sugars.
Analyst, 119: 1497-1509. doi:10.1039/an9941901497

Falcao-e-Cunha L., Lebas F. 1986. Influence chez le lapin adulte
de Iorigine et du taux de lignine alimentaire sur la digestibilité
de la ration et I'importance de la caecotrophie. In Proc.:
4emes Journées de la Recherche Cunicole en France, 10-11
Décembre, 1986. Paris, France. Comm. 8.

Falcdo-e-Cunha L., Peres H., Freire J.PB., Castro-Solla L. 2004.
Effects of alfalfa, wheat bran or beet pulp, with or without
sunflower oil, on caecal fermentation and on digestibility in the
rabbit. Anim. Feed Sci. Tech., 117: 131-149. doi:10.1016/].
anifeedsci.2004.07.014

Fernandez-Carmona J., Cervera C., Blas E. 1996. Prediction of the
energy value of rabbit feeds varying widely in fibre content.
Anim. Feed Sci. Tech., 64: 61-75. doi:10.1016/S0377-
8401(96)01041-3

Fraga M.J., Pérez P, Carabario R., de Blas J.C. 1991. Effect of type
of fiber on the rate of passage and on the contribution of soft
feces to nutrient intake of finishing rabbits. J. Anim. Sci., 69:
1566-1574.

Garcia G., Galvez J.F, de Blas J.C. 1993. Effect of substitution of
sugarbeet pulp for barley in diets for finishing rabbits on growth
performance and on energy and nitrogen efficiency. J. Anim.
Sei., 71: 1823-1830.


http://dx.doi.org/10.1016/S0377-8401(97)00009-6
http://dx.doi.org/10.1016/S0377-8401(01)00193-6
http://dx.doi.org/10.1016/S0377-8401(01)00193-6
http://dx.doi.org/10.4995/wrs.2011.826
http://dx.doi.org/10.1079/9781845936693.0000
http://dx.doi.org/10.1016/S0140-6736(72)92974-1
http://dx.doi.org/10.1016/S0140-6736(72)92974-1
http://dx.doi.org/10.1016/S0377-8401(96)01073-5
http://dx.doi.org/10.1016/S0377-8401(96)01073-5
http://dx.doi.org/10.4081/ijas.2007.1s.752
http://dx.doi.org/10.4081/ijas.2007.1s.752
http://dx.doi.org/10.4081/ijas.2009.s2.741
http://dx.doi.org/10.1016/0377-8401(90)90128-U
http://dx.doi.org/10.1079/9781845936693.0000
http://dx.doi.org/10.1016/0377-8401(92)90030-A
http://www.asic-wrsa.it/documenti/giornate2011/lavori/L11_Elabed.pdf
http://www.asic-wrsa.it/documenti/giornate2011/lavori/L11_Elabed.pdf
http://dx.doi.org/10.1016/j.foodchem.2010.06.077
http://dx.doi.org/10.1039/an9941901497
http://dx.doi.org/10.1016/j.anifeedsci.2004.07.014
http://dx.doi.org/10.1016/j.anifeedsci.2004.07.014
http://dx.doi.org/10.1016/S0377-8401(96)01041-3
http://dx.doi.org/10.1016/S0377-8401(96)01041-3

DIETARY SOLUBLE FIBRE IN GROWING RABBITS

Garcia J., Carabafio R., de Blas J.C. 1999. Effect of fiber source on
cell wall digestibility and rate of passage in rabbits. J. Anim.
Sci., 77: 898-905.

Garcia J., Carabafio R., Pérez-Alba L., de Blas J.C. 2000. Effect
of fiber source on cecal fermentation and nitrogen recycled
through cecotrophy in rabbits. J. Anim. Sci., 78: 638-646.

Garcia J., Gidenne T., Falcdo-e-Cunha L., de Blas C. 2002.
|dentification of the main factors that influence caecal
fermentation traits in growing rabbits. Anim. Res., 51. 165-
173. doi:10.1057/animres:2002011

Gidenne T. 1987a. Effet de I'addition d'un «concentré» riche
en fibres dans une ration a base de foin, distribuée a deux
niveaux alimentaires chez la lapine adulte. 2. Mesures de
digestibilité. Reprod. Nutr. Dev., 27: 801-810. doi:10.1051/
md: 19870606

Gidenne T. 1987b. Utilisation digestive de rations riches en
lignines chez le lapin en croissance: mesures de flux et de
transit dans différents segments digestifs. Ann. Zootech., 36:
95-108. doi:10.1051/animres: 19870201

Gidenne T. 1992, Effect of fibre level, particle size and adaptation
period on digestibility and rate of passage as measured at the
ileum and in the faeces in the adult rabbit. Brit. J. Nutr., 67:
133-146. doi:10.1079/BJN19920015

Gidenne T. 2003. Fibres in rabbit feeding for digestive troubles
prevention: respective role of low-digested and digestible
fibre. Livest. Prod. Sci., 81: 105-117. doi:10.1016/50301-
6226(02)00301-9

Gidenne T., Perez J.M. 1994. Apports de lignines et alimentation
du lapin en croissance. 1. Conséquences sur la digestion
et le transit. Ann. Zootech., 43: 313-322. doi:10.1051/
animres: 19940401

Gidenne T., Jehl N. 1996. Replacement of starch by digestible
fibre in the feed for the growing rabbit. 1. Consequences for
digestibility and rate of passage. Anim. Feed Sci. Tech., 61:
183-192. doi:10.1016/0377-8401(95)00937-X

Gidenne T., Bellier R. 2000. Use of digestible fibre in replacement
to available carbohydrates: Effect on digestion, rate of
passage and caecal fermentation pattern during the growth
of the rabbit. Livest. Prod. Sci., 63: 141-152. doi:10.1016/
S50301-6226(99)00123-2

Gidenne T., Perez J.M. 2000. Replacement of digestible fibre by
starch in the diet of the growing rabbit. I. Effects on digestion,
rate of passage and retention of nutrients. Ann. Zootech., 49:
357-368. doi:10.1051/animres:2000127

Gidenne T., Bellier R., van Eys J. 1998. Effect of the dietary fibre
origin on the digestion and on the caecal fermentation pattern
of the growing rabbit. Anim. Sci., 66: 509-517. doi:10.1017/
S§1357729800009681

Gidenne T., Pinheiro V., Falc@o-e-Cunha L. 2000. A comprehensive
approach of the rabbit digestion: consequences of a reduction
in dietary fiore supply. Livest. Prod. Sci, 64: 225-237.
doi:10.1016/50301-6226(99)00141-4

Gidenne T., Arveux P., Madec 0. 2001a. The effect of the quality of
dietary lignocellulose on digestion, zootechnical performance
and health of the growing rabbit. Anim. Sci., 73: 97-104.

Gidenne T., Perez J.M., Xiccato G., Trocino A., Carabafio R.,
Villamide M.J., Blas E., Cervera C., Falcdo-e-Cunha L.,
Maertens L. 2001b. Technical note: attempts to harmonize
chemical analyses of feeds and faeces, for rabbit feed
evaluation. World Rabbit Sci, 9: 57-64. doi:10.4995/
wrs.2001.446

Gidenne T, Jehl N., Lapanouse A., Segura M. 2004a. Inter-
relationship of microbial activity, digestion and gut health in
the rabbit: effect of substituting fibre by starch in diets having
a high proportion of rapidly fermentable polysaccharides. Brit.
J. Nutr., 92: 95-104. doi:10.1079/BJN20041173

Gidenne T., Mirahito L., JehI N., Perez J.M., Arveux P., Bourdillon A.,
Briens C., Duperray J., Corrent E. 2004b. Impact of replacing
starch by digestible fibre, at two levels of lignocellulose, on
digestion, growth and digestive health of the rabbit. Anim.
Sci., 78: 389-398.

Gidenne T., Carabafio R., Garcia J., de Blas C. 2010a. Fibre
digestion. In: de Blas C., Wiseman J. (ed). The Nutrition of
the Rabbit. 2" Edition. CABI Publishing, Wallingford, UK, pp.
66-82. doi:10.1079/9781845936693.0066

Gidenne T., Garcia J., Lebas F, Licois D.C. 2010b. Nutrition
and feeding strategy: interactions with pathology. /n: de
Blas C., Wiseman J. (ed). The Nutrition of the Rabbit. 2
Edition. CABI Publishing, Wallingford, UK, pp. 179-199.
doi:10.1079/9781845936693.0179

Gomez-Conde M.S., Garcia J., Chamorro S., Eiras P., Rebollar P.G.,
Pérez de Rozas A., Badiola I., de Blas C., Carabafio R. 2007.
Neutral detergent-soluble fiber improves gut barrier function in
twenty-five-day-old weaned rabbits. J. Anim. Sci., 85: 3313-
3321. doi:10.2527/jas.2006-777

Goémez-Conde M.S., Pérez de Rozas A., Badiola I., Pérez-Alba L.,
de Blas C., Carabafio R., Garcia J. 2009. Effect of neutral
detergent soluble fibre on digestion, intestinal microbiota and
performance in twenty five day old weaned rabbits. Livest.
Sei., 125: 192-198. doi:10.1016/.livsci.2009.04.010

Hall M.B. 2003. Challenges with nonfiber carbohydrate methods.
J. Anim. Sci., 81: 3226-3232.

Hall M.B., Lewis B.A., Van Soest PJ., Chase L.E. 1997. A simple
method for estimation of neutral detergent-soluble fibre.
J. Sci. Food Agr., 74: 441-449. doi:10.1002/(SICI)1097-
0010(199708)74:4<441:.AID-JSFA813>3.0.C0;2-C

Hall M.B., Hoover W.H., Jennings J.P, Miller Webster TK.
1999. A method for partitioning neutral detergent-
soluble carbohydrates. J. Sci. Food Agr, 79: 2079-2086.
doi:10.1002/(SICI)1097-0010(199912)79:15<2079::AID-
JSFA502>3.0.C0;2-Z

Hipsley E.H. 1953. Dietary “fibre” and pregnancy toxaemia. Brit.
Med. J., 2: 420-422. doi:10.1136/bmj.2.4833.420

JehIN., Gidenne T. 1996. Replacement of starch by digestible fibre
in feed for the growing rabbit. 2. Consequences for microbial
activity in the caecum and on incidence of digestive disorders.
Anim. Feed Sci. Tech., 61: 193-204. doi:10.1016/0377-
8401(95)00938-8

Maertens L., Perez J.M., Villamide M., Cervera C., Gidenne T.,
Xiccato G. 2002. Nutritive value of raw materials for rabbits:
EGRAN tables 2002. World Rabbit Sci., 10: 157-166.
0i:10.4995/wrs.2002.488

Margiienda ., Nicodemus N., Vadillo S., Sevilla L., Garcia-Rebollar
P., Villarroel M., Romero C., Carabafio R. 2012. Effect of
dietary type and level of fibre on rabbit carcass yield and
its microbiological characteristics. Livest. Sci., 145: 7-12.
doi:10.1016/].livsci.2011.12.012

Martinez J., Fernandez J. 1980. Composition, digestibility,
nutritive value and relations among them of several feeds
for rabbits. In Proc.: 2" World Rabbit Congress, 16-18 April,
1980. Barcelona, Spain, pp. 214-223.

Martinez-Vallespin B., Navarrete C., Martinez Paredes E., Rddenas
L., Cervera C., Blas E. 2011. Determination of neutral
detergent soluble fibre: modifications of the original method.
ITEA, 24: 291-293.

World Rabbit Sci. 21: 1-15

13


http://dx.doi.org/10.1051/animres:2002011
http://dx.doi.org/10.1051/rnd:19870606
http://dx.doi.org/10.1051/rnd:19870606
http://dx.doi.org/10.1051/animres:19870201
http://dx.doi.org/10.1079/BJN19920015
http://dx.doi.org/10.1016/S0301-6226(02)00301-9
http://dx.doi.org/10.1016/S0301-6226(02)00301-9
http://dx.doi.org/10.1051/animres:19940401
http://dx.doi.org/10.1051/animres:19940401
http://dx.doi.org/10.1016/0377-8401(95)00937-X
http://dx.doi.org/10.1016/S0301-6226(99)00123-2
http://dx.doi.org/10.1016/S0301-6226(99)00123-2
http://dx.doi.org/10.1051/animres:2000127
http://dx.doi.org/10.1017/S1357729800009681
http://dx.doi.org/10.1017/S1357729800009681
http://dx.doi.org/10.1016/S0301-6226(99)00141-4
http://dx.doi.org/10.4995/wrs.2001.446 
http://dx.doi.org/10.4995/wrs.2001.446 
http://dx.doi.org/10.1079/BJN20041173
http://dx.doi.org/10.1079/9781845936693.0066
http://dx.doi.org/10.1079/9781845936693.0179
http://dx.doi.org/10.2527/jas.2006-777
http://dx.doi.org/10.1016/j.livsci.2009.04.010
http://dx.doi.org/10.1002/(SICI)1097-0010(199708)74:4<441::AID-JSFA813>3.0.CO;2-C
http://dx.doi.org/10.1002/(SICI)1097-0010(199708)74:4<441::AID-JSFA813>3.0.CO;2-C
http://dx.doi.org/10.1002/(SICI)1097-0010(199912)79:15<2079::AID-JSFA502>3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1097-0010(199912)79:15<2079::AID-JSFA502>3.0.CO;2-Z
http://dx.doi.org/10.1136/bmj.2.4833.420
http://dx.doi.org/10.1016/0377-8401(95)00938-8
http://dx.doi.org/10.1016/0377-8401(95)00938-8
http://dx.doi.org/10.4995/wrs.2002.488 
http://dx.doi.org/10.1016/j.livsci.2011.12.012

14

TrociNo ef al.

McCleary B.V. 2007. An integrated procedure for the measurement
of total dietary fibre (including resistant starch), non-digestible
oligosaccharides and available carbohydrates. Anal. Bioanal.
Chem., 389: 291-308. doi:10.1007/500216-007-1389-6

McCleary B.V., DeVries J.W., Rader J.I., Cohen G., Prosky L.,
Mugford D.C., Champ M., Okuma K. 2010. Determination of
total dietary fiber (CODEX Definition) by enzymatic-gravimetric
method and liquid chromatography: collaborative study. J.
AOAC Int., 93: 221-233.

Megazyme Ltd 2005. Total dietary fibre assay procedure K-TDFR
01/12 (200 Assays per Kit). Available at htip.//secure.
megazyme.com/files/booklet/K-TDFR_1205_data.pdf.
Accessed March 2013.

Mertens D.R. 2002. Gravimetric determination of amylase-treated
neutral detergent fiber in feeds with refluxing in beakers or
crucibles: collaborative study. J. AOAC Int., 85: 1217-1240.

Mertens D.R. 2003. Challenges in measuring insoluble dietary fiber.
J. Anim. Sci., 81: 3233-3249.

Nicodemus N., Carabafio R., Garcia J., Méndez J., de Blas C.
1999. Performance response of lactating and growing rabbits
to dietary lignin content. Anim. Feed Sci. Tech., 80: 43-54.
doi:10.1016/S0377-8401(99)00042-5

Nicodemus N., Garcia J., Carabafio R., de Blas J.C. 2006. Effect
of a reduction of dietary particle size by substituting a mixture
of fibrous by-products for lucerne hay on performance and
digestion of growing rabbits and lactating does. Livest. Sci.,
100: 242-250. doi:10.1016/].livprodsci.2005.09.004

Parigi-Bini R., Xiccato G., Cinetto M. 1990. Influenza del contenuto
di amido alimentare sulla produttivita, sulla digeribilita e sulla
composizione corporea di conigli in accrescimento. Zootec.
Nutr. Anim., 16: 271-282.

Perez J.M., Gidenne T., Bouvarel I., Arveaux P., Bourdillon A., Briens
C., La Naour J., Messager B., Mirabito L. 2000. Replacement
of digestible fibre by starch in the diet of the growing rabbit.
Il Effects on performances and mortality by diarrhoea. Ann.
Zootech., 49: 369-377. doi:10.1051/animres:2000128

Prosky L., Asp G.N., Scheweizer T.F.,, DeVries J.W., Furda I. 1992.
Determination of insoluble and soluble dietary fiber in foods and
food products: collaborative study. J. AOAC Int., 75: 360-367.

Robertson J.B., Van Soest P.J. 1980. The detergent system of
analysis. In: James W.PT., Theander O. (ed). The Analysis of
Dietary Fibre in Food. Marcel Dekker, NY, USA, pp. 123-158.

SAS, Statistical Analysis System Institute Inc. 1991. User’s Guide,
Statistics, Version 6.03. Edition SAS Institute Inc., Cary, NC,
USA.

Sauvant D., Schmidely P., Daudin J.J., St-Pierre N.R. 2008. Meta-
analyses of experimental data in animal nutrition. Animal, 2:
1203-1214. doi:10.1017/51751731108002280

Soler M.D., Blas E., Cano J.L., Pascual J.J., Cervera C., Fernandez-
Carmona J. 2004. Effect of digestible fibre/starch ratio and
animal fat level in diets around weaning on mortality rate of
rabbits. In Proc.: 8" World Rabbit Congress, 7-10 September,
2004. Puebla, Mexico. pp. 996-1001. Available at http.//world-
rabbit-science.com/WRSA-Proceedings/Congress-2004-
Puebla/Papers/Feeding-&-Nutrition/N-Soler.pdf. Accessed July
2012,

Tazzoli M. 2012. Feeding strategies to improve health status
and feed efficiency in growing rabbits. PhD Thesis in Animal
Science, University of Padova, ltaly.

Tazzoli M., Carraro L., Trocino A., Majolini D., Xiccato G. 2009.
Replacing starch with digestible fibre in growing rabbit feeding.
It. J. Anim. Sci., 8(Suppl. 3): 148-150. doi: 10.4081/jjas.2009.
$3.148

World Rabbit Sci. 21: 1-15

Theander 0., Aman P., Westerlund E., Andersson R., Pettersson D.
1995. Total dietary fiber determined as neutral sugar residues,
uronic acid residues, and Klason lignin (the Uppsala method):
Collaborative study. J. AOAC Int., 78: 1030-1044.

Trocino A., Xiccato G., Queaque Pl., Sartori. A 1999. Effect of
feeding plans based on dried beet pulp on performance
and meat quality of growing rabbits. In: Piva G., Bertoni G.,
Masoero £, Bani P, Calamari L. (ed.) Recent Progress in Animal
Production Science. 1. Proc.. ASPA Xill Congress, Piacenza,
Italy. Franco Angeli, Milano, Italy. pp. 713-715.

Trocino A., Xiccato G., Queaque PI., Sartori A. 2003. Effect
of transport duration and gender on rabbit carcass and
meat quality. World Rabbit Sci., 11: 23-32. doi:10.4995/
wrs.2003.494

Trocino A., Fragkiadakis M., Radaelli G., Xiccato G. 2010. Effect
of dietary soluble fibre level and protein source on growth,
digestion, caecal activity and health of fattening rabbits. World
Rabbit Sci., 18: 199-210. doi:10.4995/wrs.2010.779

Trocino A., Fragkiadakis M., Majolini D., Carabafo R., Xiccato G.
2011. Effect of the increase of dietary starch and soluble
fibre on digestive efficiency and growth performance of meat
rabbits. Anim. Feed Sci. Tech., 165: 265-277. doi:10.1016/].
anifeedsci.2011.03.008

Trocino A., Fragkiadakis M., Majolini D., Tazzoli M., Radaelli
G., Xiccato G. 2013. Soluble fibre, starch and protein level
in diets for growing rabbits: Effects on digestive efficiency
and productive traits. Anim. Feed Sci. Tech., 180: 73-82.
doi:10.1016/].anifeedsci.2013.01.007

Trowell H. 1974. Definitions of fibre. Lancet, 303: 503. doi:10.1016/
S0140-6736(74)92802-5

Udén P, Robinson PH., Wiseman J. 2005. Use of detergent system
terminology and criteria for submission of manuscripts on new,
or revised, analytical methods as well as descriptive information
on feed analysis and/or variability. Anim. Feed Sci. Tech., 118:
181-186. doi:10.1016/}.anifeedsci.2004.11.011

Van Soest P.J., Wine R.H. 1967. Use of detergents in the analysis
of fibrous feed. IV. The determination of plant cell-wall
constituents. J. Assoc. Off. Ana. Chem., 50: 50-55.

Van Soest P.J., Robertson J.B., Lewis B.A. 1991. Methods for dietary
fiber, neutral detergent fiber, and nonstarch polysaccharides
in relation to animal nutrition. J. Dairy Sci., 74: 3583-3597.
doi:10.3168/jds.S0022-0302(91)78551-2

Villamide M.J., Carabaio R., Maertens L., Pascual J., Gidenne
T., Falcdo-e-Cunha L., Xiccato G. 2009. Prediction of the
nutritional value of European compound feeds for rabbits by
chemical components and in vitro analysis. Anim. Feed Sci.
Tech., 150, 283-294. doi:10.1016/].anifeedsci.2008.09.007

Volek Z., Marounek M., Skfivanova V. 2007. Effect of a starter
diet supplementation with mannan-oligosaccharide or inulin
on health status, caecal metabolism, digestibility of nutrients
and growth of early weaned rabbits. Animal, 1: 523-530.
doi:10.1017/51751731107685012

Wiseman J., Villamide M.J., de Blas C., Carabafio M.J., Carabafio
R.M. 1992. Prediction of the digestible energy and digestibility
of gross energy of feeds for rabbits. 1. Individual classes of
feeds. Anim. Feed Sci. Tech., 39: 27-38. doi:10.1016/0377-
8401(92)90029-6

Xiccato G., Trocino A. 2010. Feed and energy intake in rabbits
and consequences on farm global efficiency. /n Proc.. 6"
International Conference on Rabbit Production in Hot Climates,
1-4 February, 2010. Assiut, Egypt. pp. 1-18.


http://dx.doi.org/10.1007/s00216-007-1389-6
http://secure.megazyme.com/files/booklet/K-TDFR_1205_data.pdf
http://secure.megazyme.com/files/booklet/K-TDFR_1205_data.pdf
http://dx.doi.org/10.1016/S0377-8401(99)00042-5
http://dx.doi.org/10.1016/j.livprodsci.2005.09.004
http://dx.doi.org/10.1051/animres:2000128
http://dx.doi.org/10.1017/S1751731108002280
http://world-rabbit-science.com/WRSA-Proceedings/Congress-2004-Puebla/Papers/Feeding-&-Nutrition/N-Soler.pdf
http://world-rabbit-science.com/WRSA-Proceedings/Congress-2004-Puebla/Papers/Feeding-&-Nutrition/N-Soler.pdf
http://world-rabbit-science.com/WRSA-Proceedings/Congress-2004-Puebla/Papers/Feeding-&-Nutrition/N-Soler.pdf
http://dx.doi.org/10.4081/ijas.2009.s3.148
http://dx.doi.org/10.4081/ijas.2009.s3.148
http://dx.doi.org/10.4995/wrs.2003.494 
http://dx.doi.org/10.4995/wrs.2003.494 
http://dx.doi.org/10.4995/wrs.2010.779
http://dx.doi.org/10.1016/j.anifeedsci.2011.03.008
http://dx.doi.org/10.1016/j.anifeedsci.2011.03.008
http://dx.doi.org/10.1016/j.anifeedsci.2013.01.007
http://dx.doi.org/10.1016/S0140-6736(74)92802-5
http://dx.doi.org/10.1016/S0140-6736(74)92802-5
http://dx.doi.org/10.1016/j.anifeedsci.2004.11.011
http://dx.doi.org/10.3168/jds.S0022-0302(91)78551-2
http://dx.doi.org/10.1016/j.anifeedsci.2008.09.007
http://dx.doi.org/10.1017/S1751731107685012
http://dx.doi.org/10.1016/0377-8401(92)90029-6
http://dx.doi.org/10.1016/0377-8401(92)90029-6

DIETARY SOLUBLE FIBRE IN GROWING RABBITS

Xiccato G., Carazzolo A., Cervera C., Falcdo-e-Cunha L., Gidenne T,
Maertens L., Perez J.M., Villamide M.J. 1996. European ring-
test on the chemical analyses of feed and faeces: influence
on the calculation of nutrient digestibility in rabbits. In Proc..
6" World Rabbit Congress, 9-12 July, 1996. Paris, France. 1:
293-297.

Xiccato G., Trocino A., Carraro L., Fragkiadakis M. 2006. Digestible
fibre to ADF ratio and protein concentration in diets for early-
weaned rabbits. /n Proc.: 39 Rabbit Congress of America, 21-
23 August, 2006. Maringd, Brasil. Comm. 35: 1-6.

Xiccato G., Trocino A., Carraro L., Fragkiadakis M., Majolini D. 2008.
Digestible fibre to starch ratio and antibiotic treatment time in
growing rabbits affected by epizootic rabbit enteropathy. /n
Proc.: 9" World Rabbit Congress, 10-13 June, 2008. Verona,
ltaly. pp. 847-851. Available at http.//world-rabbit-science.
com/WRSA-Proceedings/Congress-2008-Verona/Papers/N-
Xiccato.pdf. Accessed July 2012.

Xiccato G., Trocino A., Majolini D., Fragkiadakis M., Tazzoli M. 2011,

Effect of decreasing dietary protein level and replacing starch
with soluble fibre on digestive physiology and performance
of growing rabbits. Animal, 5: 1179-1187. doi:10.1017/
S1751731111000243

Xiccato G., Trocino A., Tazzoli M., Majolini D., Carabafio R., Villamide

M.J., Garcia J., Nicodemus N., Abad R., Blas E., Cervera C.,
Rodenas L., Martinez E., Falcdo-e-Cunha L., Bengala Freire
J.P., Maertens L., Bannelier C., Segura M., Gidenne T. 2012.
European ring-test on the chemical analyses of total dietary
fibre and soluble fibre of compound diets and raw materials for
rabbits. In Proc.: 10" World Rabbit Congress, 3-6 September,
2012. Sharm EI-Sheik, Egypt. pp. 453-471. Available at http://
world-rabbit-science.com/WRSA-Proceedings/Congress-
2012-Egypt/Papers/03-Nutrition/N-Xiccato.pdf. Accessed
January 2013.

World Rabbit Sci. 21: 1-15

15


http://world-rabbit-science.com/WRSA-Proceedings/Congress-2008-Verona/Papers/N-Xiccato.pdf
http://world-rabbit-science.com/WRSA-Proceedings/Congress-2008-Verona/Papers/N-Xiccato.pdf
http://world-rabbit-science.com/WRSA-Proceedings/Congress-2008-Verona/Papers/N-Xiccato.pdf
http://dx.doi.org/10.1017/S1751731111000243
http://dx.doi.org/10.1017/S1751731111000243
http://world-rabbit-science.com/WRSA-Proceedings/Congress-2012-Egypt/Papers/03-Nutrition/N-Xiccato.pdf
http://world-rabbit-science.com/WRSA-Proceedings/Congress-2012-Egypt/Papers/03-Nutrition/N-Xiccato.pdf
http://world-rabbit-science.com/WRSA-Proceedings/Congress-2012-Egypt/Papers/03-Nutrition/N-Xiccato.pdf

