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Abstract — The aim of this work was to determine the main factors that affect caecal pH, the caecal
concentrations and molar proportions of volatile fatty acids (VFA) and the weight of caecal contents.
The database was constituted of data (n = 92) from three laboratories that included the mentioned
traits and the chemical composition and nutritive value of the diets. The laboratory affected caecal pH
(P <0.001) probably because of the differences in sampling time among them. Dietary uronic acids
(UA) were measured in 21 diets and were negatively correlated with caecal pH and positively with
caecal VFA concentration and the proportion of propionic acid (P = 0.004, 0.06 and 0.03, respec-
tively). When UA was removed from the model, no other chemical characteristics significantly af-
fected caecal pH, and digestible NDF was the variable which was the best correlated with it
(R*=0.58; P<0.001). Only one laboratory detected a relationship between caecal pH and caecal
concentrations of VFA (P =0.044) and N-NH; (P =0.14), which accounted for 12% of the variabil-
ity observed in caecal pH. A linear and quadratic effect of dietary NDF and the degree of lignification
of NDF on VFA concentration was found (R?> = 0.56; P <0.001), indicating a positive effect of high
levels of low lignified fibre on caecal VFA. The weight of caecal contents was quadratically influ-
enced by dietary NDF (R?>=0.39; P<0.001). It was also linearly affected by the degree of lignifi-
cation of NDF (P <0.001). Dry matter intake was negatively correlated with caecal content weight
(P < 0.001; R?=0.44), once the effects of the laboratory and dietary digestible energy concentration
were discounted.
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Résumé— Identification des principaux facteurs affectant les paramétres de fermentation
dans le caecum chez les lapins en croissan€tte étude avait pour but d’identifier les principaux
facteurs qui affectent le pH, les concentrations et les proportions molaires en acides gras volatils
(AGV) du contenu du caecum, ainsi que le poids du contenu caecal. Une base de données a été cons-
tituée a partir de résultats fournis par trois laboratoires (n = 92) comprenant, outre les parametres cae-
caux, la composition chimique et la valeur nutritive des régimes. Le laboratoire a eu un effet (P < 0,001)
sur le pH caecal en raison probablement de différences dans les temps de prélévement. Les teneurs en aci-
des uroniques (AU), qui ont été mesurées sur 21 régimes, ont été négativement corrélées avec le pH
caecal et positivement corrélées avec la concentration en AGV et la proportion d’acide propionique
(P=0,004, 0,06 et 0,03, respectivement). En enlevant les AU du mode¢le, le pH caecal n’a été influen-
cé par aucune autre composante chimique et la variable la plus étroitement corrélée a été la teneur en
NDF digestible (R>= 0,58 ; P < 0,001). Un effet linéaire et quadratique du taux de NDF et du degré
de lignification (R>= 0,56 ; P < 0,001) a été observé sur la concentration en AGV, indiquant un effet
positif des taux élevés de fibres peu lignifiées sur les AGV dans le caecum. Le contenu du caecum est
influencé quadratiquement par la teneur en NDF de I’aliment (R?>= 0,39 ; P < 0,001). Il est aussi dé-
pendant de la proportion de lignine dans le NDF (P < 0,001). L’ingestion de matiére séche a été néga-
tivement affectée par le poids du contenu caecal (R?>= 0,44 ; P < 0,001), une fois déduits les effets du
laboratoire et de la concentration en énergie digestible de la ration.

paramétres de fermentation / caecum / fibres / ingestion / lapin en croissance

1. INTRODUCTION 2. MATERIALS AND METHODS

Caecal pH and volatile fatty acid (VFA)
concentrations are classical variables char-
acterising the extent and the pattern of
caecal fermentation, and constituting an in-
direct estimate of caecal microbial activity.
In the rabbit, changes of these traits (an in-
crease in caecal pH and/or decrease in VFA
and changes in the molar proportions of the
different VFA) are correlated with the
health status of the growing animal [10,
16], thatis also related to fibre intake. In ad-
dition, dietary level and intake of fibre also
affect the weight of the caecal contents
(CCW) and the ileo-rectal mean retention
time [12]. When the latter is longer associ-
ated to low fibre levels and to changes in
caecal contents weight, it is related to a
lower feed intake and to an impairment of
postweaning growth [5, 14, 17], and it is
also unfavourable for the health status of
the animal [10].

Therefore, the aim of this study was to
determine the nutritional factors that affect

2.1 Database

A total of 92 experimental diets from
three laboratories (Universidad Politécnica
de Madrid (UPM), Institut National de la
Recherche Agronomique (INRA of Toulouse)
and Universidade Técnica de Lisboa (UTL))
were used in the database, which included
values of caecal pH, caecal VFA concentra-
tion, CCW, dietary chemical composition
(on DM basis) and faecal apparent digest-
ibility of the nutrients. The complete infor-
mation for caecal traits was available for
45 diets. Mean values and variability of the
traits studied and of the chemical composi-
tion and nutritive value of the diets are
shown in Table I. The methodology used in
each laboratory was described by Falcao-e-
Cunha et al. [4], Garcia et al. [7] and
Gidenne et al. [14], and differed for some
procedures. The time at slaughter was the
most important difference: at 12:00 h in
INRA and 19:00 h in UPM and UTL exper-

caecal pH, the caecal concentration of VFA
and the weight of caecal contents, by using
data collected from the three laboratories.

iments. A second difference among the lab-
oratories was the body weight of the
rabbits. Data were obtained with growing
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rabbits, but the animals used at UPM and
UTL weighed around 2 kg, whereas in
some experiments at INRA, younger rab-
bits were used (up to 1.1 kg, on average
1.56 kg) (Tab. I).

2.2. Statistical analysis

A correlation analysis was done in order
to study the linear relationships between
the caecal fermentation traits and the chem-
ical composition and nutritive value of the
diets. Prediction models of caecal traits
were developed using the GLM procedure
of SAS [19]; the laboratory was included as
a classified effect and dietary chemical
composition and digestion measurements
as linear and quadratic covariates. The in-
teractions between the laboratory and the
covariates were also included in the model.

3. RESULTS AND DISCUSSION

3.1. Caecal pH

An effect of the laboratory on caecal pH
was detected (P < 0.001), explaining 48%
of the total variance. Caecal pH tended to
decrease during the feed intake period (eve-
ning and night), when a higher amount of
substrate for the microorganisms was enter-
ing into the caecum [1]. Accordingly,
caecal pH obtained in UPM and UTL rab-
bits was lower (P <0.001) than that of
INRA (see Tabs. I and 11, Egs. (1), (2) and
3).

Once the laboratory effect was taken
into account, dietary uronic acid concentra-
tions (UA) were the only dietary chemical
measurement related to caecal pH (P=0.004;
n=21) that decreased as UA increased (see
Tab. I1, Egs. (1) and (2)). Uronic acids con-
stitute an important fraction of pectic sub-
stances, which are the most available cell
wall carbohydrates for caecal microorgan-
isms [12]. In fact, UA account for an aver-
age 28% of total (water soluble and water
insoluble) non starch polysaccharide (NSP)

contents, but for 48% of total digestible
NSP in six different sources of fibre studied
by Garcia et al. [6]. Likewise, total NSP of
an alfalfa hay studied by Gidenne [8] con-
tained 23% of UA and accounted for 39%
of'the total digestible NSP. Uronic acids are
partially soluble in water and only a small
proportion is retained in the NDF residue
[2], which can explain its high digestibility.
Indeed, both Carabafio et al. [2] and
Gidenne [8] detected partial digestion of
UA before the caccum (59 and 37% of the
total digestible UA, respectively). This
means that the UA digested in the caecum
accounted for 46 and 27% of the total NSP
digested in this organ, respectively. The
prediction of caecal pH might be improved
if the amount of total dietary pectins
(mainly constituted by the UA backbone
and rhamnose, arabinose and galactose)
was available, instead of that of UA only,
and especially the fraction digested in the
caecum.

Another substrate used by caecal micro-
organisms is the degradable insoluble cell
wall that can be estimated as the dietary di-
gestible NDF concentration (DNDF).
When the laboratory and UA where in-
cluded in the model, DNDF had a slight in-
fluence on caecal pH (P = 0.064) that
decreased as DNDF increased (see Tab. II;

Eq. (2)).

Uronic acid content was determined in a
relatively low number of diets (21 out of
92). The effect of diet on caecal pH was
studied in a larger number of diets (n = 82),
by removing dietary UA concentration
from the model. No significant effect of any
dietary chemical component was found.
However, DNDF was negatively correlated
with caecal pH (r = —0.76; P <0.001; see
Tab. 11, Eq. (3)). This result might be ex-
plained by a positive correlation between
dietary UA and DNDF content in this data-
base, since the ingredients with a high pro-
portion of pectic substances (such as
sugarbeet pulp, soy hulls and alfalfa) also
had a high DNDF content (see Fig. 1),



Table |. Number of data, mean values and variability of the caecal traits studied, chemical composition and nutritive value of the diets.

UPM + INRA + UTL UPM INRA UTL

Variable n mean min max CV n mean min max CV n mean min max CV n mean min max CV
Caecal pH 92 594 543 6.83 4.63 52 5.83 543 6.28 3.23 22 628 575 6.83 4.12 18 5.83 5.65 6.00 2.07
Caecal [VFA] 78 574 18.1 99.8 28.6 38 57.5 31.8 88.5 26.7 22 59.0 18.1 95.0 27.5 18 55.0 36.7 99.8 352
Acetic acid 78 76.7 64.7 87.2 6.74 38 76.0 70.9 842 3.63 22 823 729 872 494 18 713 647 769 456
Propionic acid 78 6.51 3.30 11.1  26.1 38 6.52  4.90 11.1  20.0 22 494 330 728227 18 8.39 6.80 9.70 11.2
Butyric acid 78 16.7 576 284 28.1 38 17.5 7.00 240 20.6 22 12.2 576 20.0 31.5 18 203 153 284 168
Caecal [N-NH3] 62 8.53 1.86 239 559 45 8.81 1.86 239 585 17 7.78 3.60 152 457 - - - - -

CCW 64 540 343 9.10 20.5 52 537 343 9.10 20.5 12 553 388 7.5020.9 - - - - -

NDF 92 348 193 55.0 24.0 52 37.0 193 55.0 23.5 22 31.7 21.5 464 218 18 319 229 452 22.1
ADF 92 21.0 9.80 445 345 52 238 980 445 314 22 16.7 102 269 272 18 18.1 990 26.6 31.0
ADL 92 5.64 1.00 36.0 76.8 52 6.90 1.00 36.0 753 22 3.64 2.00 9.3046.7 18 445 1.60 9.2047.5
HEM 92 138 1.40 262 33.7 52 13.2 1.40 262 39.0 22 15.0 540 212 26.7 18 13.8 6.90 18.7 26.0
CEL 92 153 6.80 312 353 52 16.9 720 312 345 22 13.0 8.20 20.8 25.8 18 13.7 6.80 24.1 355
HEMypg 92  40.1 7.25 60.2 30.6 52 358 725 602 353 22 474 229 557 17.6 18 43.8 27.8 58.0 23.0
CEL\pr 92 438 173 87.6 21.5 52 455 173 87.6 24.1 22 41.0 354 504 947 18 422 28.8 564 203
ADLy\pr 92 16.1 5.11 733 642 52 18.7 5.11 733 65.7 22 11.6 7.08 26.7 44.7 18 140 5.53 258 409
ADL pp 92 258 5.59 80.9 438 52 28.1 559 809 472 22 214 147 34.6 249 18 24.8 9.39 40.0 36.1

UA 21 591 1.80 9.60 38.8 11 7.14 230 9.60 26.2 10 455 1.80 722434 - - - - -

NDFd 82 30.6 320 614 414 42 309 320 614 473 22 32.6 147 51.7 329 18 276 11.8 454 353
ADFd 67 22.6 030 692 57.1 27 263 030 692 60.0 22 21.8 6.40 399 479 18 18.0 440 30.1 514
DNDF 82 10.5 0.91 329 48.6 42 114 091 329 529 22 10.3 347 192 41.1 18 8.57 2.98 13.2 32.1

DADF 67 428 0.070 124 60.5 27 5.60 0.070 124 53.6 22 3.66 096 7.30 56.6 18 3.07 0.55 5.9448.0
DMI 85 1149 60.0 174.0 20.7 47 1243 81.0 1740 17.8 20 103.7 60.0 140.0 23.2 18 102.6 72.4 1288 15.5
DE 82 11.7 6.4 16.1 173 42 10.7 6.40 143 164 22 12.5 893 152 132 18 13.0 9.66 16.1 143
DEDCP 82 834 437 1345 245 42 79.2 46.8 117.6 21.3 22 101.3  75.0 1345 179 18 71.5 43.7 969 239
Body weight 90 2020 1100 2600 17.9 52 2110 2000 2400 6.72 20 1559 1100 2460 29.2 18 2275 1900 2600 10.0

CV: coefficient of variation (%). Caecal [VFA] and [N-NH;]: mmol-L~1. Acetic, propionic and butyric acids: molar proportions of caecal VFA (% VFA). CCW: caecal contents
weight (% body weight). NDF: dietary neutral detergent fibre (% DM). ADF: dietary acid detergent fibre (% DM). ADL: dietary acid detergent lignin (% DM). HEM: dietary
hemicellulose (% DM) calculated as: NDF-ADF. CEL: dietary cellulose (% DM) calculated as: ADF-ADL. HEMypg, CELypg, ADLypE: proportions of hemicellulose, cellu-
lose and acid detergent lignin in dietary NDF (% NDF). ADL spg: proportion of ADL in dietary ADF (% ADF). UA: dietary uronic acids (%o DM). NDF 4 and ADF;: dietary
neutral and acid detergent fibre digestibilities (%). DNDF and DADF: dietary digestible NDF and ADF (% DM). DMI: dry matter intake (g DM-d™"). DE: dietary digestible en-

ergy (MJ-kg™! DM). DEDCP: kJ digestible energy-g! digestible crude protein. Body weight: g.

891
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Table II. Factors affecting caecal pH.

Equation Intercept UA DNDF n R?  rsd P

(1) y=INRA: 656+0.12 074+ 0.022 21 0.67 0.18 <0.001
UPM: 6.35+0.17

(2) y=INRA: 6.71+0.13 _pe3+0017 —0.018+0.0093 21 0.73 0.17 <0.001
UPM: 6.43+0.16

(3) y=INRA: 6.45+0.059
UPM:  6.03+0.056 —0.017+£0.0042 82 0.58 0.19 <0.001
UTL:  5.98+0.057

UA: dietary uronic acids (% DM) (range: 1.8-9.6). DNDF: dietary digestible NDF (% DM) (range:
equation (2): 0.91-19.2, and equation (3): 0.91-32.9). Range of caecal pH: equations (1) and (2): 5.61-6.57,

and equation (3): 5.43-6.83.

Caecal pH

7.0
6.8 oo Fl s
6.6

X INRA (n=22)
6.4 1

® UPM (n=42)
6.2 1

A UTL(m=18)
6.0 1

Beet pulp diets
5.8 1
561 Soy hull diets
372 SR S — ) I Alfalfa diets
5.2 T T T T T T
0 5 10 15 20 25 30 35

Dietary digestible NDF (% DM)

Figure 1. Effect of increasing levels of raw materials rich in pectic substances on caecal pH and di-

etary digestible NDF.

whereas the opposite occurred for cereal
straw and defatted grape seed meal.

Moreover, it would be expected that
there is a direct influence of caecal VFA
and N-NH; concentrations on caecal pH
since they are the main sources of H* and
OH-, respectively. When only data from

UPM were considered, caecal pH tended to
decrease when VFA increased (P = 0.044)
and N-NHj; decreased (P = 0.14), but these
variables only accounted for 12% of the
variability observed in caecal pH. However,
these effects were not detected using data
from INRA or UTL (in this case the N-NH;
concentration was not available). These
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results suggest the influence of other fac-
tors on caecal pH, such as the physico-
chemical characteristics of dry caecal
contents, which are closely related to the
proportion of particles smaller than 0.3 mm

[7].

3.2. Caecal VFA concentration
and molar proportions of VFA

There was no influence of the laboratory
on caecal VFA concentration and it was not
included in the model. Caecal VFA concen-
tration (mmol-L") tended to increase with
UA (P=0.06) and NDF (P =0.007) concen-
tration (% DM) and to decrease (P = 0.04)
with the degree of lignification of NDF (%
of ADL on NDF: ADLypr). The equation
obtained was:

VFA =28.8 (£ 16.8) +2.40 (+ 1.22) UA +
0.89 (+0.29) NDF —0.72 (+ 0.33) ADLypy;
n=21;R?=0.52; rsd = 15.5; P < 0.005.

When all the information obtained was
analysed excluding UA from the model
(n = 78), dietary NDF concentration and
the proportion of ADL on NDF had a linear
and quadratic effect (P <0.01) on caecal
VFA concentration (see Tab. III). Caecal
VFA concentration was favoured by in-
creasing levels of low lignified fibre in the
diet within the range studied. This fact was
confirmed by the positive correlation ob-
served between caecal VFA concentration
and DNDF (r=0.32; P=0.005; n=73).

An effect of the laboratory on the molar
proportions of VFA was detected (P < 0.001),
explaining around 50% of the total variance.

Data from INRA tended to give the highest
proportions of acetic and the lowest of
propionic and butyric, whereas the opposite
occurred for UTL data. For the database
where the UA concentration was available
(n =21), the molar proportion of propionic
acid increased linearly (P = 0.03) with di-
etary UA content. The coefficient of regres-
sion obtained was 0.30 (+ 0.13). No other
variables were included in the model. Oth-
erwise, dietary chemical composition did
not significantly affect the proportions of
acetic or butyric acids. When the whole da-
tabase (n = 78) was used, and UA content
was removed from the model, a proportion
of acetic acid tended to increase linearly
(P =0.01), and that of butyric to decrease
(P = 0.08) when the dietary NDF content
increased (the coefficients of regression
were: 0.12 +0.047 and —0.094 + 0.052, re-
spectively).

3.3. Caecal contents weight

Although the laboratory had no direct
influence on CCW, it was included in the
model because there was an interaction be-
tween dietary NDF concentration and the
laboratory (P = 0.001). We observed that
CCW was affected by the dietary NDF con-
tent and the degree of lignification of NDF
(P <0.001; see Tab. IV). An increase of the
weight of the digestive tract contents with
high levels of fibre is common to other
non-ruminant species, which would be par-
tially associated to an increase of feed in-
take[3, 15, 18]. Inrabbits, the content of the
caeccum was affected quadratically by the

Table 11l . Factors affecting caecal volatile fatty acid concentration (mmol-L™).

Equa- Intercept NDF NDF? ADLypg  ADLyps> n R> rsd P
tion

(1)  y=209+698 1.08+0.20 78 027 14.1 <0.001

(2)  y=740£263 211051 0.045+0.022 78 031 138 <0.001

(3)  y=832£231 —-1.90+0.46 0.042+ 0.017 —0.79+0.16 78 048 12.1 <0.001

(4 y=943+£21.6 —1.72£0.42 0.041£0.016 —2.62+0.53 0.040£0.011 78 0.56 11.2 <0.001

NDEF: dietary NDF (% DM) (range: 19.3-55.0). ADLypy: dietary ADL x 100/dietary NDF (range: 5.1-48.6).
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Table IV. Factors affecting caecal content weight (% BW).
Equation  Intercept NDF NDF2 ADL pr n R rsd P
INRA: 153+1.93 0.011 +0.0021
MHy= —0.68+0.28 64  0.39 0.89 <0.001
UPM: 18.1+2.15 0.0087 £ 0.0016
INRA: 16.0 + 1.80 0.012 +0.0019
Q2)y= -0.70+0.11 —0.031+0.0091 64 049 0.82 <0.001
UPM: 19.1£2.00 0.0089 £ 0.0015

NDEF: dietary NDF concentration (% DM) (range: 19.3-55.5). ADLypp: dietary ADL x 100/dietary NDF

(5.1-73.3). Range of caecal contents weight (% BW): 3.43-9.1.

Table V. Relation between DMI (y) and DE and CCW.

Equation Intercept DE CCwW n R? rsd P
(1)y=INRA: 185.6+ 18.9
-7.21+1.51 54 0.44 189 <0.001
UPM: 201.3+16.4
(2)y=INRA: 2113178
—5.46+1.40 -846+2.11 54 0.57 16.6 <0.001

UPM: 227.1+15.7

DMI: dry matter intake (g DM-d""). DE: dietary digestible energy (MI'kg™! DM) (range: 6.4-14.6). CCW:

caecal contents weight (% BW) (range: 3.43-9.1).

DMI (g DMyd)
200 == "' DMI (INRA) = 160.2 (+ 13.6) - 11.0 CCW (* 2.26)
——  DMI(UPM) =182.5 (£ 11.7) - 11.0 CCW (£ 2.26)
n=>54; R*>=0.44; rsd = 18.7; P< 0.001
175 4
150 -
125
100 -
75 -
X
50 T T T T T T
3 4 5 6 7 8 9 10

Caecal content weight (% BW)

x INRA(m=12) « UPM (n=42)

Figure 2. Relationship between weight of caecal content (CCW) and dry matter intake (DMI).
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dietary fibre level (see Tab. IV), meaning
that the CCW would be high either for the
highest and the lowest fibre level. This ef-
fect would be related to the positive effect
of fibre on the ileo-caecal motility, since a
decrease in dietary fibre concentration
(from 39.6 to 21.7% NDF, on DM basis) in-
creased the mean caecal retention time
(from 16.6 to 28.6 h) [9]. The third variable
included in the model was ADLypy which
tended to decrease CCW linearly (P =
0.001; see Tab. IV). This is in agreement
with recent studies in which a decrease in
the proportion of dietary ADL caused a lon-
ger total mean retention time [11] and a
higher weight of caecal contents [17]. An-
other factor affecting CCW would be di-
etary particle size, since an increase in the
dietary proportion of particles smaller than
0.3 mm also favours a longer ileo-rectal re-
tention time [13] and an accumulation of
digesta in the caecum [7].

A practical implication related to CCW
is its negative correlation with dry matter
intake (DMI) detected in single experi-
ments [5, 17]. In our study, a global nega-
tive relationship between CCW and DMI
was also found as shown in Figure 2, and
even discounted the effect on DMI of di-
etary digestible energy concentration (DE)
(P <0.001; see Tab. V), which is the first
variable usually related to DMI in rabbits.
As shown in Table V, there was also an ef-
fect of the laboratory on DMI (P < 0.001),
which explained 18% of the total variability
of DMI. Animals from UPM showed a
higher DMI compared to those of INRA
(Tab. I), which might be explained by the
use of more energetic diets and lighter ani-
mals at INRA than at UPM. A positive cor-
relation was also observed between CCW
and DE (r=0.32; P=0.016; n=54).

4. CONCLUSION

The combination of the laboratory,
chemical composition (UA, NDF and de-

gree of lignification of NDF) and the nutri-
tive value (digestible NDF) of the diets ex-
plained between 50 to 70% of the total
variability of the caecal traits studied. Other
factors not measured could also influence
these traits, such as the pectin level in the
feed, or its physical structure (particle size).
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