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ABSTRACT: The aim of this study was to examine 
whether the combination of dietary soluble fber 
and cellobiose exerts a synergistic effect on growth 
performance, health status, fermentation traits, 
and immune response in rabbits. Six treatments in 
a 3 × 2 factorial arrangement were used: 3 cellobi-
ose concentrations in drinking water (0.0, 7.5, and 
15.0 g/L) × 2 dietary levels of soluble fber (84.0 
and 130 g/kg DM, for the low soluble fber [LSF] 
and high soluble fber [HSF] diets, respectively). 
A total of 318 young rabbits (53/treatment) were 
weaned at 34 d of age and had ad libitum access to 
feed and water. At 46 d of age, 9 rabbits/treatment 
were slaughtered and ileal and cecal digesta were 
collected to analyze VFA profle and the immune 
response in the cecal appendix mucosa. At 48 d of 
age, the cellobiose supplementation was withdrawn 
and the experimental diets were replaced by a stand
ard commercial diet until 61 d of age. From 34 to 
48 d of age, there was a linear increase of mortality 
with the level of cellobiose in the HSF group (0% 
vs. 17.1%; P = 0.017). In contrast, a quadratic effect 
of cellobiose level on mortality was observed in the 
LSF group, the rabbits offered 7.5-cellobiose show
ing the lowest mortality (5.7% vs. 21.4%; P = 0.030). 

Cellobiose level had a quadratic effect on ADFI, 
ADG, and G:F in this period (P ≤ 0.047), with the 
7.5-cellobiose groups having the best growth per
formance. In contrast, only minor changes on these 
traits were observed from 48 d of age onwards. 
Cellobiose level infuenced quadratically the ileal 
VFA concentrations (P = 0.014), showing the max
imal value in the 7.5-cellobiose groups. In rabbits 
fed 7.5-cellobiose-LSF, a change of acetate to pro-
pionate, butyrate, and valerate was observed in the 
ileum. Increasing cellobiose levels reduced linearly 
cecal VFA concentrations in HSF fed rabbits, but 
no effect was detected in LSF groups (P = 0.046). 
The level of soluble fber increased VFA concen
trations in both the ileum (by 22%; P < 0.001), and 
the cecum (by 11%; P = 0.005). The relative gene 
expression of IL-6, IL-10, TNF-α, iNOS, MUC-1, 
and toll-like receptors (TLR-2 and TLR-4) in the 
cecal appendix increased linear and quadratically 
with increasing levels of cellobiose (P ≤ 0.063). 
In conclusion, in rabbits fed LSF diets, a dose of 
7.5 g cellobiose/L drinking water would be recom
mended, whereas these levels of cellobiose supple
mentation should be avoided in rabbits fed HSF 
diets. 

Key words: cellobiose, immune response, rabbit, soluble dietary fber, volatile fatty acids 

INTRODUCTION 

Epizootic rabbit enteropathy (ERE) is a fre-quent digestive disease in rabbits after weaning 
(Licois et al., 2006; Bäuerl et al., 2014; Badiola et al., 2016). The incorporation of moderate 



levels of dietary soluble fber as sugar beet pulp 
in rabbit diets improved the functionality of the 
intestinal mucosa (Gómez-Conde et al., 2007; El 
Abed et al., 2011), modifed the intestinal micro-
biota (Gómez-Conde et al., 2009; El Abed et al., 
2013), and reduced the mortality in the post-wean
ing period in farms affected by ERE (Martínez-
Vallespín et al., 2011; Trocino et al., 2013). These 
effects might be related to the amount of ferment
able fber both in the small intestine and in the 
cecum (Abad-Guamán et al., 2015). However, the 
use of moderate levels of soluble fber alone does 
not reduce mortality below an acceptable threshold 
(Trocino et al., 2013). Therefore, it might be useful 
to fnd other nutrients with synergistic effects with 
soluble/fermentable fber to reinforce rabbit health 
status after weaning. Part of the benefcial effects 
of fermentable fber might be mediated through 
the low-molecular-weight sugars (mono-, di-, and 
oligosaccharides) produced by microbial cell wall 
degradation in the small intestine as shown in pigs 
(Pedersen et al., 2015). Sugars can be included dir
ectly in the diet, and cello-oligosaccharides sup
plementation (0.15% to 0.3% diet) have proven to 
positively affect the intestinal mucosa and microbi-
ota in pigs and poultry (Song et al., 2013; Jiao et al., 
2014). Nevertheless, in rats widely variable results 
were reported using higher doses (10% to 15%; 
Moinuddin and Lee, 1958; Umeki et al., 2004). 

Our hypothesis was that cellobiose might im
prove the health status of weaned rabbits, but it 
might depend on the dietary soluble fber content. 
The aim of this work was to study the effect of 
increasing levels of cellobiose in drinking water and 
its potential additive effect with the dietary level of 
soluble fber on growth and fermentation traits in 
growing rabbits. 

MATERIALS AND METHODS 

All procedures involving animals were car
ried out in accordance with the Spanish guide
lines for experimental animal protection (Spanish 
Royal Decree 53/2013; BOE, 2013) after being 
approved by the Animal Ethics Committee of the 
Universidad Politécnica de Madrid. A total of 264 
crossbred mixed-sex rabbits (New Zealand White 
× Californian, V × R from UPV, Valencia, Spain) 
weaned at 34 d of age were used in this study. 

Treatments 

Six treatments in a 3 × 2 factorial arrangement 
(3 cellobiose concentrations × 2 dietary levels of 

soluble fber) were used. Three concentrations of 
cellobiose were used in the drinking water: 0.0, 
7.5, and 15.0 g/L (d-cellobiose, NPC Cello-Oligo, 
Nippon Paper Industries Co., Tokyo, Japan. 
According to the manufacturer contained 96.6% 
cellobiose β1–4, 1.9% cello-oligosaccharide, 1.5% 
glucose, and no nitrogen). These concentrations 
were selected to obtain a wider range of cellobi-
ose supplementation than those used in previous 
studies conducted with poultry and pigs (0.3% to 
0.6% in the diet; Song et al., 2013; Jiao et al., 2014). 
Cellobiose was supplemented in drinking water be
cause in sick rabbits the water intake is less affected 
than feed intake that is clearly reduced compared 
with healthy rabbits (Delgado et al., 2015). Two ex
perimental diets were formulated to differ in their 
dietary soluble fber concentration (84.0 and 130 g/ 
kg DM, for the low soluble fber [LSF] and high 
soluble fber [HSF] diets, respectively), the latter 
met the recommendations of Trocino et al. (2013), 
starch (226 and 182 g/kg DM for LSF and HSF, re
spectively), and acid detergent fber (165 and 185 g/ 
kg DM for LSF and HSF, respectively), whereas 
N D F remained constant and similar to the value 
proposed by Gutiérrez et al. (2002) (310 g/kg DM 
on average, corrected for ash and protein, or 333 g/ 
kg DM only corrected for ash). The increase of 
soluble/fermentable fber was obtained by replac
ing wheat straw and bran in the LSF diet by sugar 
beet pulp, that provides not only of soluble fber 
but also of insoluble fermentable fber. Dietary CP 
was minimized in order to limit ERE incidence but 
fxed to meet rabbit requirements (Carabaño et al., 
2009; Xiccato et al., 2011). Ingredients and chem
ical composition of diets are shown in Table 1. 

Growth Trial 

Two hundred and ten rabbits (779 ± 7.3 g BW) 
were blocked by litter, randomly assigned to each 
of the six experimental treatments (35 rabbits/ 
treatment) and housed individually with ad libi
tum access to feed and water. The ADFI, ADG, 
and mortality were recorded individually. Water 
intake could not be individually measured and was 
estimated according to the water/feed intake ratio 
previously reported in rabbits fed the same experi
mental diets by Delgado et al. (2015). Before wean
ing rabbits had access to their mothers’ feed (180 
CP, 329 NDF, and 93.4 soluble fber, all in g/kg 
DM). At 48 d of age, the supplementation of cel-
lobiose in the drinking water was withdrawn and 
the experimental diets were replaced by a stand
ard commercial diet (164 CP, 341 NDF, and 58.7 



Table 1. Ingredient and chemical composition of 
the experimental diets 

Ingredient, g/kg as-fed 
Wheat bran 
Wheat straw 
Beet pulp 
Sunfower meal 
Dehydrated alfalfa 
Soybean meal 
Wheat 
High oleic sunfower oil 
Sunfower oil 
l-Lysine HCl 
dl-Methionine 
l-Threonine 
Calcium carbonate 
Sodium chloride 
Calcium phosphate 
Vitamin/mineral premix1 

Analyzed chemical composition, g/kg DM 
DM 
Ash 
CP 
CP-NDF 
TDF 
NDF2 

ADF3 

ADL3 

Soluble fber (TDF–NDF) 
Starch 
Ether extract 
Sugars 

LSF 

280 
100 

0.00 
99.7 
150 
80.0 
227 

8.50 
21.5 
4.40 
0.80 
3.10 

12.0 
3.00 
5.00 
5.00 

908 
70.8 
167 
19.7 
391 
307 
165 
31.0 
84.0 
226 
53.8 
79.9 

HSF 

130 
50.0 
180 
129.7 
150 
80.0 
217 

8.50 
21.5 

4.40 
0.60 
3.20 
7.00 
3.10 

10.0 
5.00 

908 
67.5 
165 
27.5 
442 
312 
185 
33.0 
130 
182 
48.7 
81.7 

1Provided by Trouw Nutrition (Madrid, Spain). Mineral and 
vitamin composition (per kg of complete diet): 20 mg of Mn as MnO; 
59.2 mg of Zn as ZnO; 10 mg of Cu as CuSO4 5H2O; 1.25 mg of 
1 as KI; 0.495 mg of Co as CoCO3 H2O H2O; 76 mg of Fe as FeCO3; 
8,375 UI of vitamin A; 750 UI of vitamin D3, 20 UI of vitamin E as 
dl-α-tocopherol acetate, 1.0 mg of vitamin K; 1.0 mg of vitamin B1; 
2 mg of vitamin B2; 1 mg of vitamin B6; 20 mg of Niacin; 54.1 mg of 
betaine; 137,5 mg of choline chloride; 66 mg of robenidine; 50 mg of 
ethoxyquin. 

2Values were corrected for ash and crude protein. 
3Values were corrected for ash. 

soluble fber, all in g/kg DM) for all rabbits. The 
experiment fnished at 61 d of age. 

Ileal and Cecal Fermentation, Sucrose Activity, and 
Immune Response Trial 

Another 54 rabbits (620 ± 14.7 g BW) were also 
blocked by litter, and randomly assigned to one of 
the six treatments (9 rabbits/treatment). They were 
housed individually and had ad libitum access to 
feed and water. After 12 d adaptation period, they 
were slaughtered by head concussion between 1900 

and 2100 h. After slaughter, the whole gastrointes
tinal tract was removed and weighed. The cecum 
was removed and its full weight was recorded. The 
cecal content was then extracted, weighed, and 
homogenized, and the pH was immediately meas
ured with a Crison Basic 20 pH meter (Crison 
Instruments, Barcelona, Spain). About 2 g of cecal 
content were weighed, mixed with 2 mL of 0.5 N 
HCl, and immediately frozen (-20°C) until analysis 
of VFA concentrations by gas chromatography as 
described by Carro et al. (1992). The pH of the 
ileal content was measured and a sample (1 g) was 
taken for VFA analysis. The remaining cecal and 
ileal content was used to determine DM content. In 
addition, 6 cm samples were excised from the mid
dle part of the jejunum, fushed with saline solu
tion, frozen in dry ice, and immediately stored at 
-20°C to determine sucrose activity as described 
by Góméz-Conde et al. (2007). Finally, 2-cm seg
ments of the distal part of the cecal appendix were 
collected to characterize the immune response in 
8 rabbits/treatment. Samples were cleaned with 
saline solution (ClNa, 0.9%), cut longitudinally 
and scraped to obtain approximately 50 mg of 
mucosa. Samples were placed in vials containing 
1 mL of RNA preserving solution (RNA Later, 
Applied Biosystems, Foster City, CA) and frozen at 
-80°C. Tissue disruption for RNA isolation from 
cecal appendix was performed using Trizol reagent 
(Sigma-Aldrich, St Louis, MO, USA) and a mixer 
mill MM-200 (Restch, Stuttgart, Germany). Total 
RNA was isolated using the GenElute Mammalian 
Total RNA Miniprep kit (Sigma-Aldrich, St Louis, 
MO, USA) according to manufacturer’s instruc
tions. A DNAse treatment step using RNase-Free 
DNase Set (Qiagen, Hilden, Germany) was added 
to prevent genomic DNA contamination. The 
RNA concentration was measured by spectropho-
tometry (Epoch, BioTek, Winooski, VT) combined 
with the Take3 Micro-Volume Plate (BioTek, Santa 
Barbara, CA). The extracted A260/A280 ratio was 
used to calculate the quantity of diluted RNA for 
the following reverse transcription. 

First strand cDNA was synthesized using 
the High-Capacity cDNA Archive Kit (Applied 
Biosystems, Foster City, CA) according to the man
ufacturer’s instructions. The relative gene expres
sion of selected cytokines was determined using 
real-time, quantitative PCR. The specifc primers 
for rabbit glyceraldehyde-3 phosphate (GADPH) 
and hypoxanthine–guanine phosphoryltransferase 
(HPRT; housekeepings), IL-10 and tumor necrosis 
factor-alpha (TNF-α) were taken from Godornes 
et al. (2007) and Chamorro et al. (2010). Primers 



for tool-like receptors (TLR-2 and TLR-4), trans-
membrane glycoprotein Mucin 1 and 13 (MUC-1 
and MUC-13) were taken from Bäuerl et al. (2014) 
and those for IL-6 and the inducible nitric oxide 
synthase (iNOS) were designed by using Primer 
Express v.2 (Applied Biosystems, Foster City, 
CA). The specifcity of the amplifed product was 
confrmed through melting curves analysis and 
further confrmed by gel electrophoresis. The quan
titative PCR was performed in an ABI Prism 7300 
Sequence Detector System (Applied Biosystems, 
Foster City, CA). Each reaction mix consisted of 
around 100 ng of frst strand cDNA as a template, 
specifc primers, ultrapure water and SYBR Green 
Master Mix (Applied Biosystems Foster City, CA) 
as fuorescent DNA intercalating agent. All samples 
were run in triplicate and quantifed by normalizing 
the target gene signal to that of the GADPH and 
HPRT geometric mean. 

Analytical Methods 

Procedures of the AOAC (2000) were used to 
determine the concentrations of DM (934.01), ash 
(967.05), CP (968.06), ether extract (920.39), starch 
(amyloglucosidase-α-amylase method, 996.11), and 
total dietary fber (985.29, TDF). Dietary NDF 
was determined using the flter bag system (Ankom 
Technology, New York) according to Mertens et al. 
(2002), and a thermostable amylase without any so
dium sulfte added. Values were corrected for ash 
and protein. Dietary ADF and ADL were analyzed 
according to AOAC (2000) (method 973.187) and 
Goering and Van Soest (1970), respectively. The 
soluble fber content was calculated by difference as 
TDF–NDF, and did not contain the low-molecu
lar-weight fbrous carbohydrates. Sugars were ana
lyzed according to Yemm and Willis (1954). 

Statistical Analysis 

The results of the growth trial were analyzed 
by using a mixed model (PROC MIXED, SAS Inst. 
Inc., Cary, NC) that included as fxed factors the 
level of soluble fber and cellobiose and their inter
action, and the litter as a random effect. Weaning 
weight was included as a linear covariate. Mortality 
was analyzed using a logistic model (GENMOD 
procedure of SAS considering a binomial distribu
tion) including the level of soluble fber and cello-
biose, and their interaction in the model, and the 
results were transformed from the logit scale. Non-
orthogonal contrast was used to compare the LSF 
and HSF groups with no cellobiose supplementation. 

Analysis of gene expression was determined using 
a mixed model in which the levels of soluble fber 
and cellobiose were included as fxed factors and 
the sample as a random effect (Steibel et al., 2009). 
For genes displaying effciencies different from 2 (E 
≠ 2), Ct values were adjusted according to the model 
described by Steibel et al. (2009). SE was used to 
recalculate the lower and upper 95% confdence 
intervals for each fold change. In all cases, linear and 
quadratic polynomial contrasts were used accord
ing to Kaps and Lamberson (2004) to test the linear 
and quadratic effects of the level of cellobiose and 
their interactions with the level of soluble fber as 
follows: linear effect of cellobiose (+1 0 - 1 + 1 0 - 1 , 
for treatments LSF_0, LSF_7.5, LSF_15, HSF_0, 
HSF_7.5, and HSF_15, respectively), quadratic 
effect of cellobiose (+1 - 2 + 1 +1 - 2 + 1), inter
action of soluble fber with the linear effect of cel-
lobiose (+1 0 - 1 - 1 0 + 1), and the interaction of 
soluble fber with the quadratic effect of cellobi-
ose (+1 - 2 + 1 - 1 + 2 -1 ) . When any interaction 
between cellobiose and dietary fber was signifcant, 
specifc linear and quadratic contrasts to study the 
effect of cellobiose were done within each level of 
soluble fber. 

RESULTS 

No interaction (P > 0.05) between the level of 
soluble fber and cellobiose was observed for growth 
traits. The ADFI from 34 to 48 d of age decreased 
by 9% in the HSF compared with the LSF-fed 
group (102 vs. 109 g/d; P < 0.001; Table 2), but no 
differences were observed either in ADG or G:F 
(P ≥ 0.12). The level of cellobiose had a quadratic 
effect on ADFI and ADG in this period, showing 
the 7.5-cellobiose groups the highest values (108 
vs. 102 g/d, and 52.7 vs. 47.9 g/d, respectively; P ≤ 
0.031). This led to a quadratic effect of cellobiose 
on G:F (P = 0.047), with the 7.5-cellobiose group 
having the highest values (0.487 vs. 0.460, averaged 
value for 0 and 15.0 cellobiose; P = 0.047). 

Estimations of water and cellobiose intake are 
shown in Table 2. The supplementation with 7.5 and 
15 g cellobiose/L drinking water was estimated to 
be equivalent to a dietary level of inclusion of cello-
biose of 1.1% and 2.2% (as fed) for LSF group, and 
to 1.3% and 2.6% for HSF group, respectively. Once 
the cellobiose was withdrawn (at 48 d of age) and 
all rabbits received a standard diet, less differences 
among groups were observed. A trend (P = 0.063) 
for an interaction between the quadratic effect of 
cellobiose and the level of soluble fber affected 
G:F ratio. 





Figure 1. Effect of the level of cellobiose in drinking water (0, 7.5, and 15.0 g/L) and dietary soluble fber content (low: LSF; high: HSF) on the 
accumulated mortality of rabbits from weaning to 61 d of age. The vertical line at 48 d of age indicates the end of experimental treatments (cello-
biose and diets) and the change to a common commercial diet to all rabbits. 

The effects of the experimental factors in the 
whole fattening period were similar than those 
observed from 34 to 48 d of age. The high level of 
soluble fber impaired ADFI by 5% (140 vs. 133 g/d; 
P = 0.014), and tended to reduce ADG (P = 0.066) 
with no infuence on G:F. Cellobiose supplementa
tion had no infuence on G:F in the LSF-fed group 
but exerted a quadratic effect in the HSF group 
(P = 0.003), and a trend for an interaction between 
the quadratic effect of cellobiose supplementa
tion and the level of soluble fber (P = 0.083) was 
detected. 

Mortality rate was infuenced both by cellobi-
ose, and soluble fber levels, and there were linear 
and quadratic interactions between the two factors. 
From 34 to 48 d of age, there was a linear increase 
of mortality with increasing cellobiose levels in the 
HSF group (from 0% to 17.1%; P = 0.017), and 
this effect tended to remain when the whole fat
tening period was considered (P = 0.065). In con
trast, a quadratic effect of the level of cellobiose on 

mortality was observed in the LSF group, showing 
the rabbits offered 7.5-cellobiose the lowest mortal
ity from 34 to 48 d of age (5.7% vs. 21.4%, averaged 
value for 0 and 15.0 cellobiose; P = 0.030), and this 
effect tended to be observed when the whole fatten
ing period was considered (P = 0.091). The mortal
ity of rabbits that received no cellobiose was lower 
with the HSF than with the LSF diet both from 34 
to 48 d (0 vs. 25.7; P = 0.030), and in the whole fat
tening period (5.7% vs. 25.7%; P = 0.017). However, 
when rabbits were fed a standard diet (from 48 to 
61 d), the mortality was higher in the HSF com
pared with the LSF group, indicating that mortality 
occurred later (but in a lower proportion) in HSF 
than in LSF rabbits. The accumulated mortality 
revealed a different evolution of mortality among 
rabbits from different treatments (Figure 1). Once 
cellobiose and the experimental diets were with
drawn, mortality increased in rabbits previously fed 
the HSF diet, with no changes in those fed the LSF 
diet. The observed symptoms were the emission of 

Table 3. Effect of the level of cellobiose in drinking water and dietary soluble fber on digestive traits in 
46-d-old rabbits 

Soluble fber 

Cellobiose, g/L 

n1 

BW, g 

Sucrose activity in jejunal 
mucosa, µmol glucose/g 
protein 

Weight of the digestive 
tract, % BW 

Cecum 

Empty weight, % BW 

Digesta, % BW 

Low High 

0 0.75 1.5 0 0.75 1.5 

7 9 8 9 8 9 SEM 

1,231 1,316 1,311 1,308 1,353 1,296 60.70 

200 232 182 212 187 227 17.1 

28.3 27.8 28.9 28.8 26.9 29.6 0.97 

2.52 2.54 2.71 2.51 2.44 2.74 0.15 

8.57 7.65 8.35 7.82 8.34 8.75 0.56 

Soluble 
fber 

0.51 

0.79 

0.91 

0.84 

0.81 

P 

Cellobiose 

Lineal Quadratic 

0.58 

0.94 

0.48 

0.18 

0.53 

0.36 

0.76 

0.071 

0.32 

0.44 

Soluble fber × 
Cellobiose 

Lineal 

0.54 

0.70 

0.74 

0.95 

0.19 

Quadratic 

0.95 

0.023 

0.41 

0.69 

0.38 

1n = number of rabbits. 



Table 4. Effect of the level of cellobiose in drinking water and dietary soluble fber on the total and molar 

VFA at ileal and cecal concentration in 46-d-old rabbits 

Soluble fber 

Cellobiose, g/L 

n1 

n2 

Ileum 

DM, % 

pH 

Total VFA, mmol/g fresh 
digesta 

0.00 

7 

7 

10.5 

6.91 

19.8 

Molar proportion, mol/100 mol 

Acetate 

Propionate 

Butyrate 

Isobutyrate 

Valerate 

Isovalerate 

Caproate 

Cecum 

DM, % 

pH 

Total VFA, mmol/g fresh 
digesta 

93.9 

4.37 

1.49 

0.00 

0.024 

0.091 

0.11 

19.5 

5.37 

81.0 

Molar proportion, mol/100 mol 

Acetate 

Propionate 

Butyrate 

Isobutyrate 

Valerate 

Isovalerate 

Caproate 

83.5 

2.85 

11.8 

0.017 

0.26 

0.15 

1.38 

1Number of ileal VFA samples. 
2Number of cecal VFA samples. 

Low 

7.50 

8 

8 

12.9 

6.84 

25.1 

91.2 

5.65 

2.44 

0.096 

0.096 

0.068 

0.50 

20.9 

5.50 

86.7 

83.4 

3.29 

11.6 

0.094 

0.24 

0.20 

1.22 

15.0 

6 

8 

11.4 

6.99 

20.9 

95.4 

2.67 

1.45 

0.015 

0.027 

0.22 

0.23 

22.4 

5.35 

82.9 

82.5 

2.30 

13.5 

0.011 

0.20 

0.18 

1.37 

0.00 

8 

9 

10.5 

6.90 

25.9 

93.6 

3.70 

1.89 

0.040 

0.18 

0.18 

0.40 

19.2 

5.39 

99.5 

84.2 

2.94 

11.9 

0.027 

0.20 

0.10 

0.60 

High 

7.50 

8 

8 

10.7 

6.97 

27.6 

94.0 

4.38 

1.34 

0.00 

0.004 

0.080 

0.17 

19.9 

5.26 

94.5 

87.1 

2.58 

9.43 

0.00 

0.12 

0.060 

0.65 

15.0 

8 

9 

10.7 

6.97 

26.5 

95.0 

3.46 

1.41 

0.008 

0.049 

0.085 

0.040 

19.0 

5.33 

84.5 

84.8 

3.02 

11.2 

0.00 

0.15 

0.15 

0.70 

SEM 

0.97 

0.065 

1.41 

0.91 

0.58 

0.42 

0.046 

0.058 

0.050 

0.14 

0.86 

0.067 

3.81 

1.27 

0.40 

0.97 

0.017 

0.035 

0.022 

0.20 

Soluble fber 

0.23 

0.59 

<0.001 

0.34 

0.42 

0.48 

0.58 

0.56 

0.79 

0.50 

0.031 

0.17 

0.005 

0.036 

0.92 

0.076 

0.024 

0.011 

<0.001 

<0.001 

P 

Cellobiose 

Lineal 

0.57 

0.27 

0.56 

0.14 

0.11 

0.56 

0.85 

0.29 

0.75 

0.41 

0.13 

0.57 

0.092 

0.83 

0.56 

0.60 

0.33 

0.13 

0.095 

0.84 

Quadratic 

0.21 

0.49 

0.014 

0.019 

0.005 

0.36 

0.41 

0.69 

0.11 

0.25 

0.64 

0.72 

0.28 

0.18 

0.66 

0.066 

0.027 

0.52 

0.43 

0.66 

Soluble fber × 
Cellobiose 

Lineal 

0.40 

0.63 

0.41 

0.34 

0.68 

0.19 

0.26 

0.067 

0.099 

0.032 

0.22 

0.23 

0.046 

0.30 

0.91 

0.18 

0.039 

0.73 

0.35 

0.64 

Quadratic 

0.25 

0.21 

0.18 

0.043 

0.19 

0.086 

0.16 

0.075 

0.68 

0.13 

0.57 

0.045 

0.74 

0.31 

0.12 

0.52 

0.002 

0.26 

0.010 

0.64 

small quantities of watery droppings, cecal impac-
tion, liquid stomach, and intestinal distension with 
gas and mucus. 

A cellobiose × soluble fber interaction 
(P = 0.023) was observed for the sucrose activity 
in the jejunal mucosa, as the 7.5 cellobiose group 
showed a maximal value with the LSF diet (232 vs. 
191 µmol glucose/g protein) but a minimal value 
with the HSF diet (187 vs. 229 µmol glucose/g 
protein) compared with the 0 or 15.0 cellobiose 
groups (Table 3). The relative weight of the diges
tive tract was not infuenced by the level of soluble 
fber (P = 0.51), but tended to increase quadrati-
cally with increasing cellobiose levels (P = 0.071; 
Table 3). There was no effect of treatments on the 
relative weight of the empty cecum or cecal digesta 
(P ≥ 0.18). The experimental treatments had no 
infuence on ileal pH (P > 0.26), but an interaction 
between the level of cellobiose and that of soluble 

fber was observed for cecal pH (P = 0.045; Table 4). 
The 7.5 cellobiose group had the highest cecal pH 
values when the LSF diet was fed (5.50 vs. 5.36, 
averaged value for 0 and 15.0 g/L cellobiose), but 
the lowest values with the diet HSF (5.26 vs. 5.36). 
The pH was higher in the ileum than in the cecum 
(P < 0.001) for all treatments, and cecal digesta had 
about two times more DM content than the ileal 
one (P < 0.001). The DM content of both ileal and 
cecal digesta was not infuenced by cellobiose level, 
but cecal DM content decreased with the level of 
soluble fber (20.9% vs. 19.4%; P = 0.031). 

Both ileal and cecal total VFA concentrations 
were higher (22% and 11%, respectively; P ≤ 0.005) 
in HSF-fed rabbits than in those fed the LSF diet 
(Table 4). The level of cellobiose infuenced quad-
ratically the ileal total VFA concentrations, with 
the 7.5-cellobiose group showing the maximal value 
(26.3 vs. 23.3 mmol/g fresh digesta; P = 0.014). In 



the cecum, total VFA concentrations decreased 
linearly with the level of cellobiose in HSF-fed 
rabbits (P = 0.031), whereas no effect was observed 
in LSF groups, resulting in an interaction between 
the level of cellobiose and the level of soluble fber 
(P = 0.046). Total VFA concentrations were higher 
in cecal than in ileal digesta (87.5 vs. 24.3 mmol/g 
fresh digesta; values averaged across experimental 
treatments; P < 0.001; Table 4). Cecal VFA con
centrations were negatively correlated to mor
tality from 34 to 48 d of age (r = -0.89; P = 0.018; 
n = 6), and a trend was observed for the mortality 
in the whole fattening period (r = -0.77; P = 0.076; 
n = 6). 

The VFA profle in the ileal and cecal digesta was 
infuenced by both cellobiose and soluble fber lev
els. In the ileal digesta, acetate and butyrate propor
tions were affected quadratically by the cellobiose 
level in LSF-fed rabbits, with no effect in HSF-fed 
rabbits, which resulted in a trend to an interac
tion cellobiose × soluble fber (P ≤ 0.086; Table 4). 
A similar result was observed for propionate pro
portions, but no cellobiose × soluble fber interac
tion was observed (P = 0.19). The rabbits fed the 
LSF diet and supplemented with 7.5 cellobiose had 
lower acetate, and greater propionate, and butyr-
ate proportions in the ileum compared with those 
on 0 and 15.0 cellobiose treatments. In contrast, no 

Figure 2. Effect of the level of cellobiose in drinking water (0, 7.5, and 15 g/L) and dietary soluble fber on mRNA levels interleukin 6 and 10 
(IL-6, IL-10), inducible nitric oxide synthase (iNOS), MUC-1, TLR-2, TLR-4, and TNF-α. Relative gene expression values are fold change of 7.5-
and 15-cellobiose groups relative to the 0-cellobiose (control), for each level of fber. Bars indicate the 95% confdence interval (fold change up–fold 
change low). n = 8/treatment (**P < 0.01; ***P < 0.001). Lower case letters indicate differences of expression among cellobiose levels. 



effects of cellobiose supplementation on the main 
VFA proportions were observed in rabbits fed HSF 
diet, but caproate proportion decreased linearly 
with cellobiose inclusion (P = 0.032), and valerate 
and isovalerate proportions tended to increase and 
decrease, respectively (P ≤ 0.099). A negative cor
relation between ileal caproate concentration and 
mortality rate in the whole fattening period was 
observed (r = -0.86; P = 0.019; n = 6). 

Acetate proportions were higher, and those of 
butyrate, isobutyrate, valerate, isovalerate, and cap-
roate were lower in the cecal digesta of rabbits fed 
the HSF diet compared with LSF-fed rabbits (P 
≤ 0.076). Cellobiose supplementation had less in-
fuence on VFA proportions in the cecum than in 
the ileum. Cellobiose infuenced quadratically (P 
≤ 0.066) the proportions of butyrate in both LSF 
and HSF rabbits (minimal values for 7.5 cellobiose 
groups), isobutyrate in LSF-fed rabbits (maximal 
values for 7.5 cellobiose group), and isovalerate 
in HSF rabbits (minimal values for 7.5 cellobiose 
group). The VFA profle differed between the ileal 
and cecal digesta (P < 0.001), with the exception 
of isobutyrate and isovalerate proportions. Ileal 
digesta had higher (P < 0.001) proportions of 
acetate (93.8% vs. 84.4%; values averaged across 
treatments), and propionate (4.04 vs. 2.82) than 
cecal digesta, but lower (P < 0.001) proportions 
of butyrate (1.67% vs. 11.5%), valerate (0.06% vs. 
0.19%), and caproate (0.24% vs. 0.98%). 

The relative gene expression of all studied 
cytokines (IL-6, IL-10, and TNF-α), iNOS, MUC-
1, and toll-like receptors (TLR-2 and TLR-4) in the 
cecal appendix increased linear and quadratically 
with the level of cellobiose (P ≤ 0.063; Figure 2), 
resulting in higher gene expression for HSF than 
for LSF-fed rabbits when combined with 15.0 cel-
lobiose (P ≤ 0.058), except for iNOS. The relative 
gene expression of MUC-13 was not infuenced by 
the experimental treatments (P > 0.10). 

DISCUSSION 

Moderate levels of dietary soluble fber can 
reduce the mortality of rabbits affected by ERE 
(Trocino et al., 2013). The results obtained in this 
study are in agreement, as mortality was reduced 
in rabbits fed the HSF compared with those fed 
the LSF diet when rabbits received no cellobiose 
supplementation. In these diets, the minimal insol
uble fber requirements were met, and we attributed 
most of this positive effect to the soluble fber frac
tion, although a positive infuence of dietary ADF 
cannot be discarded as it increased in parallel with 

soluble fber. This positive effect might be related to 
benefcial changes in the intestinal microbiota pro
moted by soluble fber (Gómez-Conde et al., 2007, 
2009). However, it was noticeable the interaction 
between cellobiose and soluble fber detected for 
rabbit mortality, which was reduced by cellobiose 
supplementation in LSF-fed rabbits (only for 7.5 g 
cellobiose/L) but linearly increased in rabbits fed 
the HSF diet. These results were confrmed in two 
subsequent experiments (Ocasio-Vega, 2018). They 
might indicate a negative effect of cellobiose on the 
intestinal microbiota of HSF-fed rabbits, as the in
crease in mortality was accompanied with a reduc
tion of cecal total VFA concentrations. Cellobiose 
can be hydrolyzed in the small intestine by the en
zyme lactase that has β-glucosidase and β-galacto-
sidase activities (Dahlqvist, 1962; Nakamura, 2005; 
Morita et al., 2008). However, intestinal lactase ac
tivity in weaned rabbits is extremely low (Marounek 
et al., 1995; Gutiérrez et al., 2002), and cellobiose 
hydrolysis might be also very slow (Fischer and 
Sutton, 1957). Therefore, it would be expected that 
most of the cellobiose was undigested and could be 
completely fermented by the intestinal microbiota. 
Whether cellobiose was fermented before or in the 
cecum is not clear due to the lack of differences in 
the ileal and cecal pH, although the observed dif
ferences in VFA concentrations, and profle in the 
ileum, and cecum might suggest that cellobiose 
would be fermented in both segments. 

The two groups with the lowest mortality 
(HSF-0 cellobiose and LSF-7.5 cellobiose) also had 
the highest butyrate proportions in the ileum, which 
might be related to a better integrity of the intesti
nal mucosa in these animals (Guilloteau et al, 2010), 
and/or changes in their microbiota metabolism, and 
profle (Gantois et al., 2006; Song et al., 2013; Jiao 
et al., 2015). Intestinal VFA concentrations meas
ured at a single time point are the balance between 
the production rate, and absorption, and cannot 
be considered as a good indicator of VFA produc
tion, and/or absorption (Van der Klis and Jansman, 
2002). Butyrate has showed higher absorption rates 
compared with acetate and propionate (Vernay, 
1987; Von Engelhardt et al., 1989), and despite of 
this butyrate proportion in the ileum was higher in 
the two groups with the lowest mortality (HSF-0 
cellobiose and LSF-7.5 cellobiose) than in the oth
ers. It might indicate that the effect on the butyr-
ate absorption could be even stronger than that 
observed on the ileal butyrate concentration. In this 
way, several in vitro studies have reported a greater 
production of butyrate when cellobiose was fer
mented with cecal content or soft feces from rabbits 



(Yang et al., 2010; Ocasio-Vega et al., 2018a, b), 
and feces from pigs (Tran et al., 2016), or humans 
(Van Zanten et al., 2012) compared with other car
bohydrates. Nevertheless, the reduction of mortality 
might be also related to other factors. Rabbits from 
the groups with the lowest mortality (HSF-0 cello-
biose and LSF-7.5 cellobiose) also showed higher 
caproate proportions in the ileum, and caproate has 
shown antimicrobial activity by reducing in vitro the 
concentration of viable cells of an enteropathogenic 
E. coli strain (Skrivanová and Marounek, 2007). 

The negative infuence of cellobiose supple
mentation on the health of rabbits fed the HSF diet 
might be related to changes in the intestinal micro-
biota, as indicated by the reduction observed in bu-
tyrate, and caproate proportions in the ileum, and 
total VFA concentrations in the cecum. The latter 
might suggest a relevant negative effect of cellobi-
ose on cecal fermentation of HSF-fed rabbits, espe
cially at the highest dose, and a potential dysbiosis. 
In fact, dietary cellobiose supplementation at higher 
doses (15% of diet) produced a general diarrhea 
in rats (Moinuddin and Lee, 1958), although this 
effect was not always observed at 10% dietary cello-
biose (Umeki et al., 2004; Nishimura et al., 2010), 
suggesting an interaction of cellobiose with the 
host microbiota. The dietary supplementation with 
lactose, which is hydrolyzed by the same enzymes 
that cellobiose, up to 14% during the post-weaning 
period also showed a negative effect on the mor
tality of rabbits affected by ERE (Gutiérrez et al., 
2002). All these results are in agreement with the 
highly variable response of rabbits to the supple
mentation of different types of oligosaccharides as 
reviewed by Falcão-e-Cunha et al. (2007), which 
may be also related to the dose used in the different 
studies and variations in the host microbiota. 

Cellobiose has been previously reported to exert 
a positive effect by reducing infammatory markers 
in mice with induced colitis, which was attributed 
to a prebiotic effect related to increases in butyrate 
production (Nishimura et al., 2010). However, in this 
study, a pro-infammatory response was observed 
in the cecal appendix of rabbits fed with the highest 
dose of cellobiose supplementation (15.0 g/L), espe
cially in those fed the HSF diet. These effects are in 
agreement with those obtained by supplementing a 
higher dose of cellobiose (15%) to rats (Moinuddin 
and Lee, 1958), suggesting that the positive or nega
tive interaction of cellobiose with the host microbiota 
and hence its prebiotic effects might be dose depend
ent, and independent of the existence of an ERE 
outbreak. Moreover, at the time of sampling for the 
immune response analysis (46 d of age), the mortality 

in the groups supplemented with 15.0 cellobiose was 
still increasing, which might account for the strong 
immune response observed, even when all slaughtered 
rabbits were apparently healthy. The upregulation of 
the toll-like receptors TLR-4 and TLR-2 in the cecal 
appendix might indicate an activation of the innate 
immune response usually triggered by a pathogen-as
sociated molecular pattern (Williams, 2012). This 
would lead to the upregulation of the pro-infamma-
tory mediators such as TNF-α, iNOS, and IL-6 (only 
in the HSF group), which partially agrees with the 
cytokine profle previously reported in the cecal ap
pendix and cecal mucosa of rabbits affected by ERE 
(Bäuerl et al., 2014). The upregulation of MUC-1 in 
HSF fed rabbits might suggest a higher mucin secre
tion, although it also might play an anti-infamma-
tory role together with IL-10 to counterbalance the 
pro-infammatory response (Opal and DePalo, 2000; 
Sheng et al., 2013). Therefore, the present results indi
cated the immune response in a specifc moment (46 
d of age), and remarks the importance of sampling 
time when characterizing the immune response in 
ERE-affected rabbits in relation with the develop
ment of the disease and the interest to develop pro
cedures that allow to assess the evolution of immune 
response along time. 

Part of the mortality observed in rabbits fed 
the HSF diet, and supplemented with 0, 7.5, and 
15.0 cellobiose was produced once the experi
mental diets, and cellobiose supplementation were 
withdrawn. The commercial diet supplied in this 
period was low in soluble fber, as LSF diet (58.7 
and 84.0 g/kg DM, respectively), but contained 
more insoluble fber (341 and 307 g NDF/kg DM). 
This might have altered the intestinal microbiota in 
HSF-fed rabbits and increased the mortality at the 
end of the experimental period. This effect was al
most not observed in the HSF-fed rabbits receiving 
no cellobiose, but was more evident in the HSF-
fed rabbits receiving 7.5 cellobiose, indicating that 
cellobiose withdrawn in this group might have also 
infuenced this increase in mortality. 

In conclusion, our results indicate that in rabbits 
fed LSF diets a dose of 7.5 g cellobiose/L drinking 
water could be recommended, whereas no cellobi-
ose supplementation seems to be adequate for rab
bits fed HSF diets. Further research is required to 
determine the optimal dose of cellobiose supple
mentation for diets differing in fber content and 
composition. 
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