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In four experiments growing pigs were given a cereal-based diet alone or supplemented with unmolassed 
sugar-beet pulp (SBP), used as  a model substrate for fermentation. The rates of production of methane 
and gaseous hydrogen were measured and, together with the molar proportions of volatile fatty acids 
(VFA) in the digesta, used in stoichiometric calculations of fermentation. The resulting estimates were 
only one-sixth of the observed extent of digestion of SBP. Bacteriostatic levels of antibiotics reduced 
fermentation by more than half, as judged from the digestion of non-starch polysaccharides: allowing for 
the incomplete suppression of fermentation it was estimated that the production of methane and VFA 
could account completely for the digested SBP. The potential contribution of various routes of hydrogen 
disposal to the error of the stoichiometric calculations is discussed. 

Fermentation : Unmolassed sugar-beet pulp : Pig 
~ ~~~~ 

The importance of hind-gut fermentation in the nutrition of the pig has been well 
recognized, especially when diets include large proportions of fermentable fibrous materials. 
The digestible energy (DE) which can be supplied from gut fermentation can exceed 30 % 
of total dietary DE (Just et af. 1983a, b ;  Rerat et a/. 1987). It has been suggested that the 
microbial ecosystem of the hind-gut of the pig closely resembles that of the rumen (Bayley, 
1978; Rerat, 1978; Wolin, 1981). The end-products of fermentation in the hind-gut and the 
rumen are similar in that complex carbohydrates, proteins and fatty acids are degraded by 
micro-organisms to volatile fatty acids (mainly acetic, propionic and butyric acids), 
combustible gases (methane and hydrogen), water, carbon dioxide and microbial mass. In 
addition, fermentation heat is evolved and small quantities of succinate, formate, hydrogen 
sulphide and ammonia are also produced. The biochemical pathways of the two ecosystems 
are virtually the same (Wolin, 1974, 1981 ; Mason, 1983). 

Based on the stoichiometry of the known biochemical processes, Wolin (1960) suggested 
that the extent of microbial fermentation in the rumen can be calculated from information 
on VFA molar proportions and methane production. This approach was further elaborated 
by Hungate (1966) and Orskov et a/. (1968), and was used by Whitelaw et a/. (1970). The 
stoichiometric calculations are based on the following biochemical pathways. 

C,H,,O, + 2H,O~-+2CH,COOH + 2C0, + 4H, 
C,H,,O, + 2H,+2CH3CH,COOH + 2H,O 
C,H,,O,+CH,CH,CH,COOH + 2C0, + 2H, 
4H, + CO,+CH, + 2H,O 
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Theoretically, this approach can be used to estimate the production of VFA and total 
fermented energy (measured as hexose) provided that methane production and the molar 
proportions of acetic, propionic and butyric acids are known. Estimates made by this 
approach appear to accord with those made by direct experiment (Wolin, 1960; 0rskov et 
al. 1968). 

The present report describes four experiments, all using uninolassed sugar-beet pulp 
(SBP) as the model fermentable substrate. Additionally observations were made of the 
proportions of VFA in the large intestine digesta of pigs given the control diet alone or 
supplemented with SBP. In Expts 1 and 2 the production of methane and of gaseous 
hydrogen resulting from the fermentation of SBP was measured. These results were used 
in conjunction with data on the molar proportions of VFA determined in a separate 
experiment with the same diets (Zhu et ul. 1990) to calculate the production of VFA. 

In the third experiment, microbial fermentation was suppressed using bacteriostatic 
levels of a mixture of antibiotics. The energy digested was compared in pigs with and 
without antibiotics to give an estimate of the energy digested exclusively by microbial 
fermentation. Subsequently, this estimate of the total digested energy from fermentation 
was used together with the VFA molar proportions to calculate the quantities of methane 
expected during the fermentation of SBP. 

The last experiment was to test whether combustible gases from fermentation were still 
produced when large doses of antibiotics were applied. The results of these experiments 
were used to estimate the validity of stoichiometric approaches to estimating the extent of 
fermentation in non-ruminant animals. 

MATERIALS A N D  METHODS 

Animuls 
In all experiments female Large White x (Landrace x Large White) pigs were used. Eight 
pigs of 5 1 kg, four pigs of 44 kg, eight pigs of 47 kg and two pigs of 48 kg respectively were 
used in the four experiments. In addition to these four experiments, digesta were collected 
at slaughter from eight of the pigs in the experiment reported by Zhu et al. (1990) for the 
determination of VFA proportions. 

Diets and feeding 
The same diets were used in all experiments, a cereal-based control diet (C) and diet C 
supplemented with 300 g SBP/kg. The same batch of unmolassed SBP was used as in the 
experiments previously reported (Zhu et al. 1990) and its chemical analysis is given in Table 
1. The composition and chemical analysis of the diets are also given in Table 1. In Expt 3, 
Cr-mordanted fibre (Uden et al. 1980), using SBP, was incorporated into the two diets at 
a level of 10 g/kg as a marker for estimating digestibility. 

The feed intakes (kg/d) for the four experiments were as follows: 
Expt Diet C Diet SBP 

1 1.27 1.64 
2 1.15 1.50 
3 1.20 1.60 
4 1.20 1.60 

Pigs were fed twice daily (08.00 hours and 16.00 hours) with 3 litres water. Spillages were 
collected and added to the next meal. 
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Table 1. Composition and clzemical analysis of the experimental diets ( g / k g )  
- - - _ _  

Constituent Control SBP 

Barley 351.9 246.3 
Wheat 351.8 246.3 
White fish meal 123.1 88.2 
Soya-bean meal 160.0 112.0 
Lysine hydrochloride 2.5 1.7 
Vitamins/minerals* 2.5 1.7 

Salt 2.1 1.4 
Unmolassed sugar-beet pulp (SBP)? 0 300.0 
Chemical analysis 

Dry matter (g/kg) 882 895 

Dicalcium phosphate 6.1 4.4 

Crude protein (N x 6.25; g/kg) 245 200 
Gross energy (MJ/kg) 15.5 15.5 
N D F  (g/kg) 119 206 

~- .~ . .-. 
~ 

NDF, neutral detergent fibre. 
* Vitamins (per 1000 kg): retinyl acetate and retinyl palmitate (equivalent to retinol) 1.5 g, cholecalciferol 

25 mg, a-tocopherol acetate 5 g, phylloquinone 1 g, riboflavin 4.5 g, cyanocobolamin 1 I mg, pantothenic acid 
12 g, nicotinic acid 19 g. Minerals (g/kg): Fe 80, Zn 100, M n  40, Mg 420, Cu 150, I 2, Co 0.5, Se 0.15. 

Containing (g/kg, air-dry basis) dry matter 932, crude protein 105, crude fat 8, non-starch polysaccharides 
607, N D F  410, soluble sucrose 71, lignin 21, ash 84. 

VFA molar proportions 
Digesta were taken from the large intestines of eight pigs in the experiment previously 
reported (Zhu et al. 1990), four given diet C and four given diet SBP. The molar proportions 
of acetic, propionic and butyric acids were measured by GLC. These proportions were used 
for stoichiometric calculations. 

Tueatnzents und experimrn fa1 design 
In each of the first two experiments there were two treatments corresponding to the two 
diets. The design in each was a 2 x 2 Latin square with two pigs and two periods; in the first 
experiment there were four replicates and in the second, two. In Expt 3 there were four 
treatments, consisting of two diets each given first without and then with antibiotics. Two 
animals were allocated to each diet; thus, diets were compared between pigs, whereas the 
effects of antibiotics were assessed within animals. In the fourth experiment there were two 
diets, with one animal given each. In each experiment involving a change of diet an 
adaptation period of 7 d was allowed during which the pigs were given the diet they would 
receive in the next period. 

Experimeiital procedures 
In Expt 1 two open-circuit chambers were used. Both chambers were maintained at 20" and 
air flow-rates were adjusted to about 5 l/h. The chambers were calibrated and methane 
recovery was about 98 %. In Expts 2 and 4 closed-circuit chambers were used (Brockway 
rt al. 1977). These chambers were also maintained at 20". In Expt 3 the pigs were kept in  
metabolism cages in a room maintained at 20". 

The experimental periods lasted for 7 d. In all experiments pigs were accustomed to 
metabolism cages for 7 d except that in Expt 4 the pigs had a preliminary period of only 
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4 d followed by a 7 d experimental period. In Expts 1, 2 and 4 urine was collected into 
plastic bins containing 50 ml 1 M-H,SO,. In the third experiment pigs had bladder catheters 
(14 gauge). Faeces were also collected into H,SO,, the level being maintained to keep the 
faeces covered. 

Gas sampling and analytical methods. In Expt 1 the daily methane production was 
measured over the last 3 d of each period. Methane was determined by Infra-red Analyser 
(Analytical Development Co. Ltd, Hoddesdon, Herts). The concentrations of methane and 
hydrogen were determined in gas samples taken at the beginning and the end of a 24 h 
period. The rates of production were calculated from the difference between the initial and 
final volumes of hydrogen and methane. The relative concentrations of hydrogen and 
methane were estimated by GLC. 

Antibiotics. The antibiotics used in Expts 3 and 4 were Zinc Bacitracin (Sigma) and 
Neomycin Sulphate (Sigma). Both were included in diet C at 1.7 g/kg on the first day of 
treatment and 1.2 g/kg thereafter, and in diet SBP at 2.5 g/kg on day 1 and 1.9 g/kg on 
each subsequent day. In addition, Clamoxyl (Wellington) was included in diet C at 8.7 g/kg 
on day 1, then at 5.9 g/kg; in diet SBP the inclusions were 11.2 g/kg on day 1, then 
8.5 g/kg. 

Faeces and urine collections. In Expt 3 faeces and urine were collected separately for the 
last 3 d in each period. At 1 d before the collection, urinary catheters (14 gauge) were 
introduced into the bladder. At 1 d before the introduction of the catheter pigs were 
injected intramuscularly with long-acting Clamoxyl (2 ml) to prevent urinary tract 
infection. The urine was collected into approximately 50 ml 1 M-H,SO,. Faeces were 
collected daily and stored at -20". 

Chemical analyses. Chemical analyses were carried out on ground faecal samples; dry 
matter (Association of Official Analytical Chemists, 1965), energy (using an adiabatjc bomb 
calorimeter), nitrogen (Davidson et al. 1970), soluble sugars (by HPLC), starch (Aman & 
Hesselman, 1984), lignin (Christian, 197 1) and non-starch polysaccharides (NSP) (Englyst, 
1981) as well as Cr (Matheson, 1970). 

Statistics 
The results were analysed by analysis of variance using GENSTAT (Lawes Agricultural 
Trust, 1984). In Expts 1 and 2 the diets were treated as the only treatment factor. Periods 
and individual pigs were included as the block factors. In Expt 3 the same statistical 
analysis was performed with individual pigs as blocking factors. Treatment factors included 
diets and antibiotics. 

R E S U L T S  

VFA molar proportions. The molar proportions of acetic, propionic and butyric acids 
measured in the digesta at slaughter from the large intestine of pigs receiving these two diets 
are summarized in Table 2. The difference between the two treatments was not significant. 

Expt 1. The measured production of methane together with the stoichiometrically 
calculated values for the production of VFA, heat produced during the fermentation and 
energy digested via microbial action are summarized in Table 3. The assessment of the rates 
of VFA production and fermented energy resulting from the fermentation of SBP involved 
the assumption that there were no associative effects between the control diet and the added 
SBP, specifically that the rates of VFA production were the same when it was given with 
SBP as when it was given alone. Allowance was also made for the unequal intakes of 
diet C. 
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Table 2. Molar proportions of volatile f a t t y  acids in the digesta of the large intestine of 
growing pigs given n cereal-bused diet alone or supplemented with 300 g unmolassed sugar- 
beet pulp (SBP) /kg  

(Mean values for four observations per treatment) 
~ ~~. . __ .. .. 

Treatinen t* Acetate Propionate Butyrate 

Control 0.59 0.24 0.17 
SBP 0.59 0.23 0.18 
Statistical significance of difference NS NS NS 
SED (3 df) 0.0 1 66 0.02 16 0.0187 

.- -...______ - . 

.- .. __ - .- .__ 

NS, not significant; SED, standard error of difference 
* For details, see pp. 512-513 and Table I .  

Table 3. Expt I .  Measured methune production and stoichiometrically estimated values of 
volatile fat ty  acid production and fermented energy of growing pigs given a cereal-based 
diet alone (C) or supplemented with 300 g unmolassed sugar-beet pulp (SBP)/kg* 

--_.___ _ _ - ~  ~ .... .-_ 

Difference between diets 

Statistical 
SED significance 

Diet C Diet SBP SBP supplement ( 1  1 df) of difference: P < 

Methanet (I/d) 
Acetate (MJ/d) 
Propionate (MJ/d) 
Butyrdte (MJ/d) 
Fermented energy (MJ/d) 
D E  intake: (MJ/d) 
Methane/DE (YO) 
VFA/DE (Yo) 
Fermented energy/DE ( O h )  

~- - - 

2.27 
0,165 
0.1 18 
0.1 I9 
0,525 

16.74 
0.540 
2.40 
3.14 

5-36 
0379 
0.259 
0.290 
1.217 

19.83 
1.08 
4.68 
6.14 

3.30 
0.229 
0.151 
0.151 
0.740 
4.70 
2.8 1 

11.3 
15.8 
-. .. ~ 

0.410 
0.028 
0.0 I9 
0.022 
0.093 

0.079 
0.34 
0.448 

0.0 1 
0.0 1 
0.0 I 
0.0 I 
0.0 1 

0.0 I 
0.0 1 
0.0 1 

SED, standard error of difference; DE, digestible energy. 
* For details of treatments, see pp. 513-514 and Table I .  
t Energy value of methane 0.04 MJ/I. 
1 DE 13.18 and 12.09 MJ/kg for diets C and SBP respectively; D E  of SBP 9.56 MJ/kg (Zhu ef ul. 1990) 

From Table 3 it can be seen that diet SBP gave a significantly higher production of 
methane than diet 6. However, the estimate of fermented energy by stoichiometric 
calculation was only 15.8 % of the measured digested energy. This implies either that 84.2 n/n 
of the digested energy was derived from endogenous enzymic hydrolysis rather than from 
microbial action or that the stoichiometric estimate is in error. Since most of the 
constituents of SBP can only be digested via microbial fermentation it seemed possible that 
one source of error in the stoichiometric calculation might arise by the production of 
hydrogen in the free form, which is often substantial in similar studies carried out on 
humans (Levitt, 1969; Levitt & Donaldson, 1970; Levitt et al. 1981; Marthinsen & 
Fleming, 1982). 

Expt 2. Results are summarized in Table 4. The production of gaseous hydrogen was 
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Table 4. Expt 2. Measured hydrogen and methane production and stoichiometrically 
estimated values of volatile f a t t y  acid production and fermented energy of growing pigs given 
a cereal-based diet alone (C)  or supplemented with 300 g unmolassed sugar-beet pulp 
(SBP)/kg* 

Difference between diets 

Statistical 
SED significance 

Diet C Diet SBP SBP supplement (3 df) of difference: P < 

Hydrogen (I/d) 1.01 2.13 1.21 0,303 0.01 
Methane (I/d) 2.35 5.13 2.99 0.547 0.01 
Acetate (MJ/d) 0.169 0362 0.208 0.038 0.01 
Propionate (MJ/d) 0.121 0.248 0138 0.026 0.01 
Butyrate (MJ/d) 0122 0271 0.166 0.030 0.0 1 
Fermented energy (MJ/d) 0.537 1,164 0676 0,124 0.0 1 

Methane/DE (%) 0.620 1.13 2.78 0.121 0.01 
VFA/DE (Yo) 2.72 4.89 11.9 0.528 0.0 1 
Fermented energy/DE (YO) 3.54 642 15.7 0.689 0.0 1 

DE intaket (MJ/d) 15.16 18.14 4.30 

SED, standard error of difference; DE, digestible energy. 
* For details of treatments, see pp. 513-514 and Table 1 .  
7 The D E  values of the two diets are those determined in Expt 3.  

small. Because the formation of 1 mol methane needs 4 mol hydrogen the inclusion of 
hydrogen in the stoichiometric calculation did not significantly affect the estimate of 
fermentation. 

The results were comparable with those of Expt 1 in that the SBP resulted in a 
significantly higher production of methane and gaseous hydrogen than the control 
treatment. Moreover, the fermented energy of the increment of SBP calculated 
stoichiometrically was again only 15.7 YO of its digested energy, in close agreement with the 
results of the first experiment. 

Expt 3. The addition of antibiotics resulted in greater faecal bulk, but whereas with diet 
C the effect was small, with diet SBP faecal bulk increased from 1.35 to 3.67 kg/d, partly 
due to a reduction in dry matter (DM) digestibility from 0.77 to 0.58 and partly to an 
increase in faecal moisture from 0.76 to 0.84 g/g ( P  < 0.01). 

Efects  of the digestion of energy. Fermentation was suppressed dramatically by 
antibiotics, as indicated by a large decrease in energy digestion compared with that when 
antibiotics were not added. The difference in the energy digestion between the treatment 
without (-) and with (+) antibiotics was considered to be the true energy digested via 
microbial action. The apparent digestibilities of energy are summarized in Table 5.  For diet 
C the energy digested via fermentation was 1.67 MJ/d (15.81 - 14.14) or 10.6 % of the total 
digested energy. The effect of antibiotics was even greater for diet SBP; the estimated 
fermented energy was 4.71 MJ/d (19.34- 14.63) or 24.4 % of the total DE. 

Efeects on the digestion of DM and N .  The apparent digestibilities of DM and N are 
summarized in Table 5. The apparent digestibility of DM followed the pattern of the 
digestion of energy, and the effect of antibiotic treatment was significant. The apparent 
digestibility of N was significantly suppressed when antibiotics were added to diet C ,  but 
when added to diet SBP the effect was small and not significant. 

Stoichiometric estimates. In Expt 3, unlike Expts 1 and 2, the rates of VFA production 
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Table 5.  Expt 3. The apparent digestibilities of energy, dry matter and nitrogen with (+) and 
without ( - ) the addition o f  antibiotics (AB)  in growing pigs given a cereal-based diet alone 
(C)  or supplemented with 300 g unmolassed sugar-beet pulp (SBP)/kg* 

Energy Dry matter N 

Diet C: -AB 0.85 0.85 0.90 
+ AB 0.76 075 0.83 

S ~ D  (4 df) 0.0 10 0.0 102 0.022 
Statistical significance 0.01 005 0.05 

Diet SBP: -AB 0.78 0.77 0.75 
+ AB 0.59 0.58 0.73 

SED (4 df) 0.0 10 0.0 102 0.022 
Statistical significance 0.0 1 0.05 NS 

of difference : P < 

of difference: P < 
___ ._ . - 

NS, not significant; SED, standard error of difference. 
* For details of treatments, see pp. 513-514 and Table 1 

Table 6. Expt 3. Stoichiometric estimations based on the true fermented energy and the 
volatile fatty acid molar proportions in the digesta of growing pigs given a cereal-based diet 
alone (C) or supplemented with 300 g unmolassed sugar-beet pulp (SBP)/kg* 
-- 

Diet C Diet SBP SBP supplement 

Methane (I/d) 7.44 19.8 14.2 
Acetate (MJ/d) 0,536 1.368 0,986 
Propionate 0.382 0,937 0.653 
Butyrate 0.356 1.047 0.784 
Fermented energy 1,700 4.400 3.200 
D E  intake (MJ/d) 15.8 19.3 4.6 
Methane/DE (%) I .9 4.0 1 12.3 
VFA/DE 8.3 17.4 52.7 
Fermented energy/DE 10.8 22.8 69.6 

~. ~ 

DE, digestible energy. 
* For details of treatments, see pp. 513-514 and Table 1 

and the production of methane were estimated from the fermented energy and the assumed 
molar proportions of VFA as given in Table 2. These results are summarized in Table 6. 
The stoichiometric estimates of methane production were 7.44 l/d for diet C and 19.4 I/d 
for diet SBP respectively, and the estimated production of methane from the supplement 
of SBP per se was 14.2 l/d. These estimated values contrast with those directly determined 
in Expts 1 and 2 (see Tables 3 and 4). Estimated production of VFA and total fermented 
energy accounted for only 8.3 and 10.8 O h  respectively of the total digested energy for the 
cereal-based control diet, and 17.4 and 22.8% of the total DE of diet SBP. For the 
supplement of SBP per se, calculated by difference, the respective values were 52.7 and 

Expt 4 .  Table 7 summarizes the measurements of the production of combustible gases in 
the presence of antibiotics for the last 4 d of the experiment. The measurements show that 
combustible gases were still produced in the presence of large doses of antibiotics. This 

69.6 Yo. 
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Table 7. Expt 4 .  Ejferct of antibiotics on the production of combustible gases in growing pigs 
given a cereal-based diet alone (C)  or supplemented with 300 g unmolassed sugar-beet 
P u b  ( S B P ) l k *  

___ - 

Diet C Diet SBP 
~~~ ~ ~~ Period after start 

of antibiotic Hydrogen Methane Hydrogen Methane 
treatment (d) (Vd) (Vd) (Ud) W d )  

5.56 0.86 1.48 0.94 
5.80 nd 1.32 0.70 
2.05 nd 1.63 nd 
2.32 nd 0.58 nd 

nd, not detected. 
* For details of treatments, see pp. 513-514 and Table 1 

implies that the antibiotics did not completely suppress microbial activity. Both gases 
gradually diminished during antibiotic treatment, but gaseous hydrogen was predominant, 
with methane production falling to undetectable levels. 

D I S C U S S I O N  

Expts 1 and 2 
Two approaches have been used previously to assess the production of VFA resulting from 
fermentation in the digestive tract of the pig. Imoto & Namioka (1978) used a short-term 
in vitro fermentation system. The production of VFA was determined by incubating 
representative samples from the large intestine in anaerobic flasks for a known period. This 
method, which was essentially the same as that described by Farrell & Johnson (1972), 
suffers from the following main criticisms: (1) a constant production rate of VFA is not 
possible ; (2) accumulation of VFA occurs in the flask which depresses microbial activities 
and, thus, the rate of VFA production. The other method, used by Rerat et al. (1987), 
involved simultaneous measurements of portal blood flow rate and of the concentrations 
of VFA in arterial blood and the portal vein (Rerat, 1985). The daily production of VFA 
was then assessed by multiplying the arterio-venous difference in VFA concentrations by 
the blood flow rate. Apart from technical difficulties this method is subject to a possible 
underestimation because of VFA metabolized in the gut wall. 

In the present studies the production of VFA was estimated according to fermentation 
stoichiometry. This technique has been widely used in ruminant studies and appears to give 
sensible results (0rskov et al. 1968 ; Whitelaw et al. 1970). Stoichiometric calculations based 
on measurements of methane production and VFA molar proportions in Expts 1 and 2 
considerably underestimated the extent of the fermentation of SBP, the estimated 
fermented energy of the increment of SBP being less than 16% of its determined digested 
energy, This would imply that up to 84% of the energy digestion of SBP was through 
nonfermentative degradation. Because of the high content of NSP in SBP and the absence 
in the porcine gastrointestinal tract of any endogenous enzymes capable of their digestion, 
it seems very unlikely that the stoichiometric estimate is correct. It is, therefore, suggested 
that the assessment of microbial fermentation based on measurements of methane and 
VFA molar proportions may considerably (perhaps 6-fold) underestimate the extent of 
fermentation in the gut of growing pigs. A major reason for this underestimation is thought 
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Table 8. The eflect of changing molar proportions of volatile ,fatty acids on the 
stoichiometric calculation of the total ,fermented energy, using sugar-beet pulp as an 
t..xample 

-. .. _ _  ~. - 

Molar 
proportions 

Methane Total fermented Relative to 1 
Acetate:propionate: butyrate production (I/d) energy (MJ/d) ("/I 

1. 0.59:0.23 :0.18 5.36 1.217 100 
2. 0.65:0.20:0.15 5.36 1.113 9 1.5 
3. 0.70: 0.20: 0.10 5.36 1.058 869 
4. 0.55: 0,35:0.10 5.36 1.573 129.2 

.- - _ _  -~ . . .- 
~~ .- 

to relate to hydrogen transfers within the fermentation system. As is well documented, 
hydrogen is reduced by carbon dioxide to form methane, and is also used to form propionic 
acid. Methane and propionate are the two major recognized hydrogen sinks in fermentation 
stoichiometry (Hungate, 1966; 0rskov et al. 1968). If the processes of fermentation are not 
completed due, for example, to a short retention time, it is likely that hydrogen in the free 
form will appear in substantial quantities. However, the second experiment included the 
measurement of both methane and hydrogen, and it was again concluded that 
stoichiometric calculation based on the measurement of methane plus gaseous hydrogen 
could greatly underestimate the extent of microbial fermentation in the gut of growing pigs. 
Possible reasons for the underestimation are associated with the assumptions made for the 
fermentation stoichiometry which were discussed by Wolin (1960), Hungate (1966), Orskov 
et al. (1968) and Van Soest (1982). It is not clear whether errors in these assumptions can 
account completely for the underestimation occurring in the previously mentioned 
experiments. One of these assumptions concerns the molar proportions of VFA which are 
affected by diet and may change with time to an unknown extent. However, as shown in 
Table 8, even substantial changes in these proportions are unlikely to contribute 
significantly to the underestimation. 

Expts 3 and 4 
In assessing the results of Expt 3 it was important to ascertain how far fermentation was 
suppressed by the antibiotics. As judged by the production of combustible gases the 
suppression of fermentation by the addition of antibiotics was far from complete. However, 
in view of the uncertainties regarding this assessment of fermentation it seemed preferable 
to measure how much dietary fibre (as NSP) was still digested in the presence of antibiotics. 
The results are summarized in Table 9. For diets C and SBP, 24.4 and 24.7 % respectively 
of the total dietary fibre (as NSP) disappeared in the presence of antibiotics, suggesting that 
the suppression of microbial activity was substantial but not complete. For diet C without 
antibiotics the digestibility of dietary fibre was 0.61, but with antibiotics this was reduced 
to 0.24 suggesting that 40% of the fermentation of dietary fibre was not suppressed. 
Similarly, for diet SBP, 32 O/O was not suppressed. For the increment of unmolassed SBP the 
suppression was thus calculated to be 71 YO. The true fermented energy was then assessed 
by adjusting for the incomplete suppression of microbial activity. This is based on the 
assumption that the fermentation of all organic matter was suppressed to the same extent 
as that of NSP. The adjusted estimates of the production of methane, VFA and fermented 
energy were made by dividing by 0.6, 0.68 and 0.71 for diet C, diet SBP and the increment 
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Table 9. The apparent digestibility of total non-starch polysaccharides ( N S P )  in the two 
diets and in the supplement of sugar-beet pulp (SBP)  given to growing pigs 

Total NSP 

Diet C :  -AB 0.608 
+ AB 0.244 

SED (4 dfj 0.0542 
Statistical significance P < 0.01 
of difference 

Diet SBP: -AB 0.779 
+ AB 0.247 

SED (4 df) 0.2 13 
Statistical significance P < 0.01 
of difference 

SBP supplement: -AB 0.861 
+ AB 0.248 

Table 10. Percentage contribution of the fermentation of sugar-beet pulp (SBP)  to the 
total digestible energy ( D E )  of u cereal-based diet supplemented with 300 g SBPIkg 

Percentage contribution 

Unadjusted Adjusted* 

Methane/DE 3.2 4.1 

Fermented energy/DE 18.2 24.0 
VFA/DE 14.0 17.8 

* Adjusted for incomplete suppression of fermentation by antibiotics 

of SBP respectively. These suggest that even for the cereal-based diet microbial fermentation 
could contribute up to 17.8% of the total DE, and with the diet incorporating 300 g 
SBP/kg microbial fermentation could supply up to 33.4% of the total dietary DE. This 
calculation also indicates that 97.7 YO (69.6 %/7 1.2 YO) of the digestion of the energy of the 
increment of SBP was via microbial action. 

Table 10 shows the fractional energetic contribution from the fermentation of the 
supplement of SBP. The calculation involved the assumption that there were no associative 
effects between SBP and the diet C, i.e. that the DE of diet C remained unchanged when 
it appeared in combination of the added SBP. 

In Expt 4, the production of combustible gases (mainly hydrogen) was much higher in 
the pig given diet C than in that given diet SBP. This reflected the different effects of the 
antibiotics when administered at different doses, and was in accordance with the report of 
Eggum (1979) that the suppression of microbial fermentation was dependent on the dose 
of antibiotics used. It was also noted that hydrogen gas was produced in appreciable 
quantities whilst methane appeared to diminish. This suggests that the hydrogen-producing 
flora were more resistant to the added antibiotics than hydrogen-utilizing flora. 

Comparison of two approaches to estimating,fibre digestion. According to the results of 
Expt 3 ,  the estimates of methane production by pigs receiving both diets appeared to be 
high compared with values reported in the literature (e.g. Muller & Kirchgessner, 1986). 
For the increment of SBP per se the digestion of energy was mostly via fermentation (98 YO). 
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The estimated values for the production of methane and VFA arising from the fermentation 
of the supplement of SBP were 17.3 and 74% of its total digested energy. These vaiues are 
in the same range as those determined in ruminants. For example, Wainman er al. (1984) 
found that the production of methane resulting from the fermentation of dried SBP 
amounted to 8&19.0% of the total fermented energy. Similar results were reported by 
Blaxter & Clapperton (1965). 

From a review of the recent literature, unmolassed SBP is considered to be an easily- 
fermentable fibre source because of its chemical composition (Low et al. 1988; Morgan & 
Whittemore, 1988; Zhu et al. 1990). Calculations from the results of Expts 1 and 2 gave an 
estimate of its fermented energy amounting to 15.8 O/O of its total DE, implying that 84.2 O/O 

of the energy digested in SBP was by endogenous enzymes; this seems inconceivable in the 
light of its chemical composition. The results of Expt 3 seem to offer a more sensible 
estimate of the digestion of unmolassed SBP by the pig. It is, therefore, suggested that 
measurements of methane production, alone or with the inclusion of gaseous hydrogen, can 
be grossly misleading in understanding the extent of fermentation in the gut of the pig. 

Staichioinetric interpretations. There are several important questions about the 
interpretation of fermentation stoichiometry which need to be addressed. First, why were 
the values of methane production measured in Expts 1 and 2 so low? 

The stoichiometric method based on the measurements of methane production and 
VFA molar proportions appears to give sensible results in ruminants (0rskov et al. 1968; 
Whitelaw et al. 1970). This was not so in our studies. One may argue that rumen 
fermentation stoichiometry, at least in the circumstances of these experiments, is not 
applicable to the fermentation in the hind-gut of the pig. However, since microbial 
fermentation occurring either in the rumen or in the hind-gut is thought to share virtually 
the same biochemical pathways (Wolin, 1974, 1981; Bayley, 1978), there is no obvious 
reason why it should not be valid. However, there may be some significant differences 
between the rumen and the pig's hind-gut in hydrogen-related biochemical processes. Some 
of these are discussed in the following sections. Although much of the following discussion 
is unavoidably speculative, it serves to indicate the relative magnitudes of various processes 
involved in the disposal of hydrogen in the intestine in relation to the very large discrepancy 
between our stoichiometric and direct estimates of hydrogen production. 

Oxygen entry. In the course of fermentation hydrogen is produced and transferred in the 
form of reduced co-factors (e.g. NADPH,, FADH,) and hydrogen gas. These hydrogen 
transfer processes (see Czerkawski, 1986) are capable of releasing free energy required by 
microbes. In the rumen methanogenesis is always predominant whereas other processes 
may be more important in the hind-gut of the pig. There are major differences between the 
rumen and the pig hind-gut in the distribution of blood vessels and in surface area per unit 
volume leading to potentially large differences in oxygen diffusion from the blood into the 
lumen. Recent observations by Hillman et al. (1993) show that dissolved oxygen 
concentration in the pig intestine, including the large intestine, may reach remarkably high 
levels, permitting extensive aerobic microbial activity. 

Reduction of sulphate and nitrate. Before sulphate can be used in microbial synthesis it 
must be reduced to sulphide. It is possible to make a crude estimate of the production of 
H,S to illustrate this hydrogen sink quantitatively. We have no data on the composition of 
the gases in the intestine of pigs given diets like those used here, but if they are assumed 
to be similar in composition to rumen gases, with a H,S:methane value of 3.7 x 
(Hungate, 1966) the production of H,S can be calculated as: 

= 1.2 x lo-" (l/d), 3.3 x 3.7 x 

where 3.3 is the production of methane from SBP per se. 
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To give 1 litre H,S, 4 litres H, are required, thus, the H, used to produce this amount of 
H,S is 

4 x 1.2 x lo-" = 4.8 x 10-'1/d. 

This is negligible in comparison to total hydrogen production. However, Gibson et a/. 
(1990) found that sulphate reduction in the human large intestine may play a more 
significant role in hydrogen disposal than methanogenesis. Its quantitative importance in 
the pig has yet to be established. 

Nitrate is readily reduced to nitrite in fermentation. This hydrogen sink is also likely to 
be very small in the present experiments because there is virtually no nitrate in SBP. 
Although these two processes undoubtedly act as hydrogen sinks it seems likely that their 
magnitude is small relative to the large underestimation observed here. 

Microbial synthesis of lipid and amino acids. Hydrogenation of unsaturated fatty acids 
occurs in gut fermentation in the pig (Mason, 1983). However, this also seems to be a small 
hydrogen sink because the concentrations of unsaturated fatty acids are low. According to 
its chemical analysis, SBP contains 8 g fat/kg (see Table 1). Assuming this were all 
unsaturated oleic acid (282 g/mol) and 1 mol hydrogen is required to saturate 1 mol oleic 
acid, the hydrogen used to saturate this fat would be 

0.008 x 490/282 = 0.014mol 
= 0.31 litres. 

The microbial lipid content is very variable, from 20 to 150 g/kg DM (Van Soest, 1982; 
Czerkawski, 1986). The de novo synthesis of microbial lipids may, therefore, be an 
important hydrogen sink. As mentioned earlier, the intake of SBP was 490 g/d. In our 
previous studies (Zhu et al. 1990) we showed that the digestibility of the DM of SBP was 
0.61. Thus, the faecal DM attributable to SBP is calculated to be 191 g (490 x (1 -0.61)). 
Assuming that 70% of this is in the form of microbial mass (Mason & Palmer, 1973), the 
microbial biomass would be 133 g. If microbial DM is assumed to contain 75 g lipid/kg the 
microbial DM produced in the fermentation of the SBP would be 10 g/d. Taking palmitic 
acid (256 g/mol) as representative of microbial lipids then, since 14 mol hydrogen are 
required to form 1 mol palmitic acid, the hydrogen required would be 

14 x (10/256) = 0.547mol 
= 12.3 litres. 

or 

The sequestration of hydrogen in microbial lipid could thus be substantial. 
Microbial synthesis of amino acids may also require variable amounts of reducing 

power, particularly the synthesis of amino acids from ammonia and carbohydrates (Nolan 
& Leng, 1972; Czerkawski, 1986). Assuming that 70 YO of microbial DM is amino acids and 
assuming, as previously mentioned, that the microbial DM is 133 g, microbial amino acid 
synthesis would be 93 g. However, hydrogen sequestration in microbial substance must be 
set against the production of hydrogen by the degradation of SBP. If SBP is assumed to 
have a formula of C,H,,O, its hydrogen content is 6.2%, giving a daily hydrogen input 
from SBP of 5.77 g. 

Assuming that 50% of the microbial amino acids are synthesized from ammonia the 
hydrogen input from ammonia would be 1.3 1 g. Total hydrogen input from ammonia and 
SBP is thus calculated as 7.08 g. The mean hydrogen content of amino acids is 7.2 '/O so the 
hydrogen required in the synthesis of 93 g microbial amino acids is 6.70 g. Since hydrogen 
in microbial lipids amounts on average to 12.5 YO, the hydrogen required in microbial lipid 
synthesis is calculated as 

10 x 0.125 = 1.25 g. 
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Thus, the net output of hydrogen is calculated as 

6*70+ 1-25 = 7.95 g. 
It can be seen that the input is only slightly lower than the output of hydrogen (7.08 v .  7.99, 
implying that microbial amino acid and lipid synthesis account for the disposal of only a 
small amount of hydrogen. 

Acerogmrsis. There is recent evidence suggesting that the production of acetate from 
hydrogen and carbon dioxide could be quantitatively significant in fermentation systems 
where conditions are not highly methanogenic. Lajoie rt al. (1988) observed that 
suspensions of digesta from human subjects with relatively low concentrations of 
methanogens (< 10' per g DM) produced both methane and acetate from hydrogen and 
labelled carbon dioxide. Their results show that the production of acetate from hydrogen 
and carbon dioxide could be a major pathway for the use of hydrogen via microbial action. 
Previous studies using rats led to a similar conclusion (Prins & Lankhorst, 1977). 

In relation to our present study it is conceivable that acetogenesis from hydrogen and 
carbon dioxide in the hind-gut of the pig could also contribute significantly to the disposal 
of hydrogen since the digestive physiology of the pig closely resembles that of humans. 
However, we have no direct information on its importance. 

Although the previous discussion is speculative, it is clear that stoichiometric calculations 
lead to the considerable underestimation of the fermentation of SBP. This discrepancy 
cannot be explained by any known alternative route of hydrogen disposal, although several 
routes could each make a contribution and might collectively account for a large part of 
the discrepancy. Perhaps more important is the fact that stoichiometric calculations are 
based on the assumption of a strictly anaerobic microbial metabolism which may be far 
from valid for the intestine of the pig (Hillman et al. 1993). 

Extent 0j"fermentation. Microbial fermentation in the gut of the pig could account for as 
much as 23 % of the total dietary DE of diet SBP or 33.4% if calculations are based on 
adjustment for the incomplete suppression of fermentation by antibiotics. Although these 
calculations involve the assumption that the effects of antibiotics on NSP fermentation 
applied to the remainder of the organic matter available to the bacteria, the results are 
similar to estimates by Rerat et al. (1987) and Just et al. (1983 a, b)  using other approaches. 
Fermentation of the cereal-based control diet contributed up to 10.8 YO of its total dietary 
DE (17.8 'YO with adjustment made for incomplete suppression). This seems to be higher 
than has gexrally been assumed for conventional cereal-based pig diets (Agricultural 
Research Council, 1981), but there is very little direct information. Nevertheless, if one 
considers the fermentation not only of dietary fibre but also of endogenous secretions and 
of starches escaping digestion by endogenous enzymes, the estimate appears plausible. 
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