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Influence of sodium fumarate addition on rumen fermentationin vitro
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The influence of sodium fumarate on rumen fermentation was investigatétto using batch

and semi-continuous cultures of mixed rumen micro-organisms taken from three sheep receiving
a basal diet of hay, barley, molasses, fish meal and a mineral—vitamin supplement (380, 299
100, 91 and B g/kg DM respectively). Batch cultures consisted of 10 ml strained rumen fluid in
40 ml anaerobic buffer containing 200 mg of the same feed given to the sheep. Sodium fumarate
was added to achieve a final concentration of 0, 5 or 10 mmol/l, as a result of the addition of O,
250 or 50Qumol, equivalent to 0, 200 and 400 g/kg feed. gioduction at 24 h (36@mol in the

control cultures) fell P < 005) by 18 and 22vmol respectively §ED 7(8). Total gas production

was increased by the addition of fumarate without significant accumulation,.oSttbstantial
increases in acetate production (92 and [18l; SeD 26(7, P < 0[01) were accompanied by
increases in propionate formation (212 and gééol; Sep 130, P < 0[001). Longer-term effects

of fumarate supplementation on ruminal fermentation and, @idduction were investigated
using the rumen simulation technique (Rusitec). Eight vessels were given 20 g basal diet/d, and
half of them received a supplement of fumarate (disodium salt) over a period of 19d. The
response to the daily addition of¥s mmol sodium fumarate was a decrease in, @téduction of

12 mmol GED 0039, P < 0[05), equivalent to the consumption dB4nmol H,, and an increase in
propionate production of @mmol (from 104 to 153 (SEp 1[05) mmol/d, P <0[01). The
inhibition of CH,4 production did not decline during the period of time that fumarate was added
to the vessels. Thus, the decrease in,Cbétresponded well to the fraction of the fumarate that was
converted to propionate. Fumarate had no signifidant Q[05) effect on total bacterial numbers

or on the number of methanogenic archaea, but numbers of cellulolytic bacteria were increased
(8@ v. 239 (SED 2[29)x 10° per ml,P < 001). Fumarate also increased DM digestibility of the
basal diet after 48 h incubation@F6v. 0808 (SED 0[0123),P < 005). Thus, it was concluded

that sodium fumarate may be a useful dietary additive for ruminants, because it diverts some H
from CH, production and because it is able to stimulate proliferation of cellulolytic bacteria and
digestion of fibre.

Rumen: Fumarate: Methane: Rusitec

CH, formation represents a substantial loss of energy to thedispose of the reducing power, competing with methano-
ruminant animal, and it is also a significant source of genesis for the b uptake. Fumaric acid is a four-C
greenhouse gas emissions from agriculture (Moss, 1993).dicarboxylic acid that is an intermediate in the propionate
Inhibition of CH, production by ruminants would therefore pathway, in which it is reduced to succinate by fumarate
have significant economical and environmental benefits reductasefC1.3.99.1). Reducing equivalents are needed in
(Van Nevel & Demeyer, 1996). Many chemical compounds this reaction and therefore fumarate may provide an alternative
(mainly antimicrobial compounds) have been tested as electron sink for hydrogen. As hydrogen is used to reduce
potential feed additives for ruminants on the basis of their fumarate, there is a decline in the availability of Kor
direct or indirect effects on CHproduction in the rumen  methanogenesis in the rumen. Fumarate and other dicarboxylic
(Moss, 1993; Van Nevel & Demeyer, 1996). These include acids also seem to stimulate the growth and activity of the
ionophores, halogenated GHinalogues and unsaturated lactic acid-utilizing rumen bacteriurBelenomonas ruminan-
fatty acids. One possible way to decrease,Gbtmation tium (Nisbet & Martin, 1990), providing an electron sink for
in the rumen is to promote alternative metabolic pathways to this organism (Martin & Park, 1996). CHproduction by

Abbreviations: Rusitec, rumen simulation technique.
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mixed rumen bacteria was decreased for short periods at pH84. Inocula for the fermentation vessels were
vitro when fumarate was added to the medium (Demeyer & obtained from a pooled sample (liquid and particulate
Henderickx, 1967). The objectives of the present study were rumen contents) from the three rumen-cannulated sheep
to evaluate the effect of fumarate on €ldroduction in used in then vitro trial. On the first day of the experiment
short-termin vitro batch incubations and to determine the 300 ml strained rumen fluid and 300 ml artificial saliva were
long-term effects of fumarate on ruminal fermentation in the placed in each reaction vessel. Solid rumen contents (80 g)
semi-continuous rumen simulation technique (Rusitec). were weighed into a nylon bag and one of these was placed
inside the food container in each vessel together with a bag
_ of food. The food was the same forage—concentrate diet fed
Materials and methods to the donor animals, and was provided in nylon bags, pore
In vitro batch fermentations size 50um, which were gently agitated in the liquid phase.
o ) ) _ Two bags were present at any time and one bag was
Short-termin vitro incubations were carried out with rumen replaced each day to give a 48 h incubation. The bags that
fluid withdrawn from three rumen-cannulated Sheep. The were removed from the vessels were p|aced in p|astic
sheep receivedidkg/d of a mixed diet consisting of grass pags, and their contents washed and squeezed with 40 ml
hay, barley, molasses, white fishmeal and a vitamin and grtificial saliva. This was done twice for each bag, and the
mineral mixture (500, 298, 100, 91 and Bg/kg DM combined washings were poured back into the reaction
respectively) in two equal meals. Rumen fluid was with- yessels. Fermentation vessels were flushed with anaerobic-
drawn, via the cannula, 2 h after the morning feed and, after grade CQ before filling, after filling, and then every day
mixing the samples from the three sheep, it was strained during feeding (when the nylon bags with the food were
through two layers of muslin and maintained af 8@der changed).
Oz-free CQ,. Rumen fluid was anaerobically transferred  Ejght vessels were set up as described earlier (Czer-
(200ml/l) to a Simplex-type buffer containing (/l): 59 kawski & Breckenridge, 1977) and were supplied at the
KoHPOQ,, 49 KH,PO,, 052 g NaCl, 70 mg MgSQ7H,0, same time every day with 20 g of the basal diet fed to the
35mg CaC}, 599 NaHCQ and 174 mg cysteine hydro-  donor animals. The duration of the experiment was 26d,
chloride, which h_aq been prepared as described b)_/ Colemanyhich consisted of period 1 (days 1-19) in which four
(1987). After mixing, 50ml buffered rumen fluid was yessels received 1g fumarate (disodium salt) daily, which
anaerobically dispensed into each of twelve 120 ml serum yas added to the basal diet, the remaining vessels being
bottlgas containing 200mg of the diet described earlier, ¢ontrols, and period 2 (days 20—26) in which no fumarate
previously ground to pass through a 1 mm mesh screen.as added to any vessel. Gas samples were taken over days
Weighed amounts of fumarate (disodium salt; Sigma Che- 8_19 and on the last 2d in period 2, and analysed by GLC as
mical Co., Poole, Dorset, UK) were added to achieve final described earlier, to determine, ldnd CH, concentrations.
concentrations of 0, 5 and 10mmol/l. The bottles were  pyring the last 2d of each period, fermentation products
sealed (CQ atmosphere) with rubber stoppers and alumi- \yere determined on samples taken from the liquid overflow,
nium caps and were placed in a shaking water bath at 39 5 described by Newbolet al. (1997). Fermentation acids
After 24 h incubation, total gas production was measured yere detected by capillary GC, using the derivatization
using a 100 ml lubricated syringe connected to a needle, method described by Richardsen al. (1989). NH;, was
which was inserted through the stoppers into the headspacemeasured by the phenol—hypochlorite method of Weather-
A gas sample (1ml) was removed from each bottle and pyrn (1967). In liquid samples from period 2, volatile fatty
analysed for CHH and H, by GLC on a 4mnmx3m glass  acids were analysed, with no derivatization, by GLC (Stew-
column packed with Porapak Q mesh 60-80 (Waters Associ- grt & Duncan, 1985). The volume of the liquid overflow,
ates Inc., Milford, MA, USA). The oven temperature was together with the concentration of fermentation products,
250 and the carrier gas (He) flow rate was 30 ml/min; a \as used to calculate the daily output of fermentation
katherometer detector was used. Peaks were identified byproducts. pH was measured as described earlier in samples
comparison with gas standards of known composition. The of fermentation fluid withdrawn from around the nylon bags
bottles were then uncapped and the pH was measured usingt the time of feeding. The digestibility of the diet was
a pH electrode connected to a Russell 660 pH meter (Russellestimated from the DM remaining in the bags after 48h
pH, Auchtermuchty, Fife, UK). Fermentation fluid (4ml) jncubation. DM in feed samples and in incubation residues
was added to 1ml of an acid solution containing 200ml \as determined by drying at 10for 48 h.
orthophosphoric acid/l and 20wk2-ethyl-butyric acid. Samples for microbial counting were taken on the last 2 d
Acidified samples were centrifuged (27 8§05°, 15min)  of the first period (days 18 and 19) of the Rusitec experi-
and volatile fatty acids were determined by GLC using ment. Protozoa in the liquid phase were enumerated micro-
ethylbutyric acid as the internal standard as described bYScopicaIIy in a counting chamber (Newbodd al. 1987).
Stewart & Duncan (1985). Hungate’s methods (Hungate, 1969) were used to prepare
media and to cultivate bacteria. Media were dispensed into
Hungate tubes sealed with butyl rubber stoppers (Belco
Glass Inc., Vineland, NJ, USA). A sample of fermentation
The Rusitec was used as described by Czerkawski & fluid (20 ml) taken directly from the reaction vessel and a
Breckenridge (1977). The nominal volume in each reaction sample of the digesta (1g) remaining in the nylon bags
vessel was 850 ml and the dilution rate was set@8& per d, incubated for the last 48h were homogenized together,
the infused liquid being artificial saliva (McDougall, 1948) under Q-free CQ,, for 1 min using an MSE top-bladed
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homogenizer (MSE, Crawley, Sussex, UK) at full speed. (P <0[05) and total gas productiorP & 001) during the
Serial 10-fold dilutions were prepared undeg-fiee CO, 24 h incubation (Table 1). The GHoncentration in the gas
for each sample by the anaerobic method of Bryant (1972) produced was significantlyP(< 005) decreased by the
using an anaerobic diluent (Mann, 1968). Total viable addition of fumarate (256, 229 and 219 mmol gidol
bacteria were enumerated in roll tubes with a complex gas for 0, 5 and 10 m-fumarate respectively), thus result-
rumen fluid—sugars medium to which 20g agar/l was ing in a significant P < 0[05) fall in CH, production as the
added (Medium M2, Hobson, 1969), and these tubes weredose of fumarate added to the medium increased. However,
incubated for 72 h at 39Cellulolytic counts were done by a 250 and 50@Qumol fumarate caused decreases of only 18 and
most-probable-number method based on the degradation oR2umol in CH, production (53 and 64 % of the CH,
filter paper strips (Mann, 1968). Numbers of methanogenic produced in the control cultures).

archaea were determined by a most-probable-number tech- Acetate production was increased < 001) by about
nigue, based on the production of ¢Hh a medium 100pmol for each 25Qumol fumarate addition, whereas

containing formate, acetate ang EMorvanet al. 1994). fumarate addition had no significar® £ 0[10) effect on
butyrate production. Propionate production increasesd (
Statistical analyses 0001) by about 20@mol for each 25@umol fumarate

added.

In vitro incubations were performed on 2 d with two repli-
cates per dr(4). Data were analysed as a one-way ANOVA
with three concentrations of fumarate (0, 5, 10 mmol/l).
Orthogonal polynomial contrasts were performed to study Total gas production was unaffectdel> 0[05) by fumarate
linear effects (SAS Institute Inc., 1989). Comparisons during period 1, whereas CHoroduction measured over
between treatment means were tested by the least significantlays 8—19 of the experiment was significantly decreased
difference method. For the trial carried out in the Rusitec, (P<005) by fumarate addition (Table 2), but only by
reaction vessels were randomly assigned to control 12 mmol (17 %) for an addition of B5mmol sodium
(untreated) and fumarate groups. Variables measured ovefumarate. This effect was consistent over the time that
12d (gas and CHl production, DM digestibility) were  fumarate was added to the vessels, with no significant
analysed as a repeated measures ANOVA with the Green-(P=0361) differences between sampling days and no
house-Geisser adjustment as given by PROC GLM in the significant interaction = 0B69) between treatment and
Statistical Analysis Systems program (SAS Institute Inc., sampling day (bothP values are those adjusted for a
1989). Effect of fumarate addition was tested using vessel Greenhouse-Geisser epsilon d2®42). The inhibition in
within treatment (df 6) as the error term, whereas sampling CH, production by adding fumarate did not resuR >

day was the within-subject effect (SAS Institute Inc., 1989) 0[05) in the accumulation of Hgas. Adding fumarate also

as repeated measures taken on the same experimental uniincreased the digestion of the basal diet in the fermenter,
For all the other variables, treatment effects were estab- since the DM digestibility was®B % higher when fumarate
lished by at test (Steel & Torrie, 1980), and significance was added to the diet compared with the control cultures.
was declared & < 005 unless otherwise stated. Computa- The only significant effect of fumarate on microbial num-
tions were performed using the general linear models bers was that cellulolytic bacteria were increas€d<(
procedure of the Statistical Analysis Systems program 001). Methanogenic archaea were unaffected. Fumarate

Effects of fumarate on fermentation in the Rusitec

(SAS Institute Inc., 1989). had no significant B> 005) effect on the pH in the
fermentation vessels (Table 3). Fumarate addition resulted
Results in a significant P <0[01) increase in propionate produc-

tion, but did not affect the production of formate, lactate,
butyrate and other volatile fatty acids (Table 3). Anincrease
The addition of fumarate significantly increased the final pH of 49 mmol propionic acid occurred in response to the

In vitro batch incubations

Table 1. Influence of sodium fumarate on 24 h fermentation by mixed rumen micro-organisms in in vitro batch cultures*
(Mean values for four fermentations with the standard error of difference between means)

Sodium fumarate added (p.mol) Statistical significance of the treatment effect: P=
SED
0 250 500 (df 8) Cv.Ff L}
pH 6132° 6[29° 6(50° 0023 00145 00241
Total gas production (nmol) 1412% 1496° 1544° 318 00045 00033
Methane (pumol) 3602 342° 338° 705 00456 00473
Volatile fatty acids (pmol) 122872 1541° 1820° 4512 00002 010002
Acetate (umol) 7892 881° 983° 2607 00027 010021
Propionate (wmol) 2592 471° 655° 130 00001 00001
Butyrate (mol) 138 151 145 68 0B578 019836

abe Mean values within a row not sharing a common superscript letter were significantly different, P< 0[05.
* For details of procedures, see pp. 60—61.

T Orthogonal contrasts, C v. F: comparison between control and fumarate treatment.

t Orthogonal polynomials, linear (L) effects of fumarate dose.
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Table 2. Influence of sodium fumarate addition (6[25 mmol/d)* on the output of methane and hydrogen from, and the digestion of, dry matter and on
microbial numbers in the rumen simulation technique (Rusitec)t

(Mean values for four vessels, with the standard error of difference between means)

Control Fumarate SED (6 df) Statistical significance of the difference, P=
Gas production (mmol/d)F 580 5412 3561 003196
Hydrogen (mmol/d)+ 0@31 oR2 0116 004675
Methane (mmol/d)} 70 50 0039 00167
Digestion of DM (g/kg) after 48 h incubation¥ 476 508 123 00410
Total bacteria (x10%/ml)§ 5@ 417 0B9 003495
Methanogenic archaea (x10%/ml)§ 1412 149 421 08734
Cellulolytic bacteria (x10%/ml)§ 88 2309 2149 00010
Protozoa (x10%/ml)§ 4 38 068 012115

* Sodium fumarate was added to Rusitec vessels for 19d.
T For details of procedures, see pp. 60—61 .

1 Each value is the mean of the observations taken during the last 12d of fumarate addition.
§ Each value is the mean of the observations taken during the last 2d of fumarate addition.

addition of 625mmol sodium fumarate. Fumarate also and fumarate, have been tested as feed additives for rumi-
caused the accumulation of succinate in the culture, whereasants (Callaway & Martin, 1996; Martin & Park, 1996). The
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no succinate was detected in the effluent of control vessels.results presented in the present paper describe the short- and

NH; production was unaffected by the addition of fumarate. long-term effects of one of these dicarboxylic acids, sodium

When fumarate treatment was stopped the differences infumarate, on rumen fermentation.
DM digestibility, CH, and volatile fatty acid production

disappeared (Table 4).

Discussion

The 6 % decrease in CHormation found when fumarate
was added to batch cultures in the present study is fairly
consistent with the low response found by Callaway &
Martin (1996), but very different to the value of 60 %
found by Demeyer & Henderickx (1967). Since many
Recently, some dicarboxylic acids, such as aspartate, malatdactors can influence CH production, responses may

Table 3. Influence of sodium fumarate (6125 mmol/d)* on 24 h fermentation (output of end-products, mmol/d) in

the rumen simulation technique (Rusitec)t

(Mean values for four vessels, with the standard error of difference between means)

Control Fumarate SED (6 df) Statistical significance of the difference, P=
pH 674 67 0048 053768
Formate 049 043 0056 03586
Acetate 2602 2907 2(30 001818
Propionate 104 15[3 105 00033
Butyrate 86 87 086 08776
Valerate 33 41 033 00572
Isobutyrate 029 031 0033 03587
Isovalerate o6 020 0038 03216
Succinate 000 om@7 0053 00001
Lactate 021 008 030 03626
Ammonia 2007 2015 0246 00378

* Sodium fumarate was added to Rusitec vessels for 19 d, and each value is the mean of the observations taken during the last

2d of that period.
T For details of procedures, see pp. 60—61.

Table 4. Fermentation characteristics of rumen simulation technique (Rusitec) vessels following removal of the fumarate treatment*t
(Mean values for four vessels, with the standard error of difference between means)

Previous treatment

Control Fumarate SED (6 df) Statistical significance of the difference, P=
Methane (mmol/d) 606 605 136 009341
Digestion of DM (g/kg) after 48 h incubation 487 499 1338 004083
Acetate (mmol/d) 244 2201 148 om7iz
Propionate (mmol/d) 12[8 133 0@7 06247
Butyrate (mmol/d) 106 98 084 02383

* For details of procedures, see pp. 60—61.

T Sodium fumarate had been added to Rusitec vessels for 19 d, and each value is the mean of the observations taken over days 6—7 after withdrawal of the fumarate

treatment.
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well be different with different diets (GaaLopezet al. 1996), and thereafter to propionate, was the way by which most
and indeed the pH of rumen fluid can have a major influence on (89 %) of the added fumarate was fermented in the Rusitec.
CH, production (Van Kessel & Russell, 1996). Here, the pH Most of the fumarate was recovered as propionate and a
was much higher than the critical value of06enabling small part as succinate, which accumulated before being
maximal CH, formation (Van Kessel & Russell, 1996). converted into propionate. The recoveries of fumarate as
The decrease in CHproduction observed in batch propionate in the batch cultures were 85% and 79 % for
cultures was very low considering the amounts of fumarate the 5 and 10 mmol/l additions respectively, which is in
added, and appeared to increase only slightly when the dosaeasonable agreement with results observed in the Rusitec.
was increased from 250 to 5pnol per incubation. Fuma-  However, H recoveries in the Rusitec (calculated from 2H
rate was a more effective alternative hydrogen sink tq,CH produced=2A + P+ 4B+ 3V, 2H recoveree= 2P+ 2B +
in the Rusitec compared with batch cultures. Based on the4V + 4CH,+ H,, where A is acetate, P is propionate, B is
equation 4H+ CO,=CH,;+ 2H,0 and the reduction of butyrate and V is valerate; Marty & Demeyer, 1973) were

fumarate to succinate by 2H, in the Rusite@%mmol lower (74 and 72 % for the control and fumarate treatments
fumarate caused aZmmol fall in CH,, equivalent to an respectively) than those recorded in the batch cultures (92—
efficiency of hydrogen trapping ofdx 4/625= 77 %, indi- 98 %). This inconsistency may indicate that some reduced

cating that this organic acid may act as an effective hydrogenend-products were missing from the analysis or that alter-
sink, competing with methanogenesis. But the inhibition native pathways may have been operative, possibly direct
achieved was still only 17 %, and thus fumarate would be utilization of O, (Demeyeret al. 1972), resulting from the

impractical as a means of eliminating glémissionsin higher rate of Q leakage in the Rusitec (Hillmast al.
vivo. The fumarate concentrations were indeed high, 1985). It will be important to confirm the effects of fumarate
selected to be similar to the anticipated Cproduction, on ruminal stoichiometryn vivo.

so that the maximum potential of fumarate to divery H Organic acids, and fumarate in particular, can be con-
away from CH, could be explored. It emerged that the limit verted into propionate and acetate following different path-
was quite low, presumably because of the much lower ways (Demeyer & Henderickx, 1967). Increases in acetate
affinity of fumarate reductase for Hhan hydrogenase of were observed in batch and semi-continuous cultures,
methanogenic archaea. although the increase in acetate production was not signi-
There may be other beneficial effects of fumarate, how- ficant in the Rusitec. Other additives give rise to increases in
ever. During fermentation in the Rusitec, fumarate stimu- propionate at the expense of acetate.
lated the numbers of cellulolytic bacteria threefold. The Little information is available on the effects of fumarate
reason for this increase is not clear. Although it has been on ruminal digestion and animal performanpeivo. Isobe
demonstrated that cellulolytic organisms benefit from the & Shibata (1993) observed that ruminal fermentation in
presence of methanogenic or othep-tilizing bacteria goats was enhanced by the addition of fumarate, increasing
because of interspecies; tansfer (Wolin & Miller, 1988), cellulose digestion, which is in agreement with our results in
H, accumulation was not affected by fumarate in the Rusitec. the Rusitec. There is also evidence that other dicarboxylic
Nevertheless, an increased DM digestibility was observed in acids such as malate may improve animal performance in
the Rusitec trial, consistent with the increased numbers of dairy (Kunget al. 1982) and beef cattle (Sanson & Stallcup,
cellulolytic bacteria, indicating that one of the beneficial 1984; Streeteet al. 1994). The results of the present study
effects of fumarate may be to increase fibre digestion. suggest that dietary fumarate would have a beneficial effect
Fumarate and other dicarboxylic acids also promote via decreased methanogenesis, increased propionate pro-
lactate utilization by the predominant ruminal anaer@e  duction and stimulation of fibre breakdown by rumen micro-
ruminantium (Nisbet & Martin, 1990), stimulating its  organisms.
growthin vitro (Nisbet & Martin, 1993). Improved removal
of lactate may help to prevent acidosis, and would indirectly
stimulate fibre digestion. However, lactate concentrations in Acknowledgements
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