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Cytotoxicity in MA-104 Cells and Rumen Protozoa of Some Phytotoxins
and Their Effect on Fermentation by Faunated and Defaunated Rumen
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Toxic compounds present in plants are an important factor limiting the nutritional use of tropical
legumes. This work deals particularly with the toxic nonprotein amino acid analogues mimosine, DOPA,
and canavanine and structurally related compounds such as nicotinic acid, 3-hydroxypyridine, and
catechol. The effect of these toxins was measured on the viability of eukaryote cultured cells (MA-104)
and rumen protozoa and on the fermentation activity (production of VFAs, ammonia, and gas) by
inocula from faunated and defaunated sheep in vitro. Toxins did not increase cell death of protozoa,
while catechol and nicotinic acid increased cell death of MA-104 cells. Thus, these toxins affected
differentially the viability of eukaryote cells. Mimosine, nicotinic acid, DOPA, and canavanine had a
stimulatory effect on fermentation but increased accumulation of methane by faunated inoculum.
Catechol drastically depressed the fermentation activity of faunated and defaunated inocula and impaired
the ammonia uptake by rumen microbes. Therefore, none of these toxins would be suitable to eliminate

protozoa, and they do not appear to improve the overall fermentation balance in the rumen.

INTRODUCTION

Toxic compounds present in plants are an important
factor limiting the nutritional use of tropical legumes to
feed monogastrics and, in some cases, ruminants. Phy-
totoxins have presumably evolved as a defense mechanism
of the plants against herbivory (Bell, 1981), reducing the
nutritional performance of predators that would otherwise
be expected from the protein or energy content of the
plant consumed (Pusztai, 1986).

The antinutritional constituents of legumes include a
wide variety of compounds that affect animals directly if
they reach the small intestine, or indirectly, as in the case
of ruminants, if they affect the rumen ecosystem. Spe-
cialized herbivores with digestive fermentation in the
foregut have microbial defensive mechanisms against some
dietary phytotoxins (Bell, 1981), presumably derived from
a coevolutive process between the plant and the herbivore
(Van Soest, 1982).

Thesecondary compounds in tropical plants are diverse
in their chemical nature, and free amino acid analogues
are of special interest in this work (Bell, 1981; Rosenthal
and Bell, 1979; Cheeke and Shull, 1985; D’Mello, 1989).
Among tyrosine analogues, mimosine (Figure 1A) and its
primary product of degradation, 3,4-dihydroxypyridine
(3,4DHP; Figure 1B), are contained in Leucaena leuco-
cephala, Mimosa pudica, and Pithecelobium ondulatum
(Van Veen, 1973; Lucas et al., 1988) and have been reported
to be toxic to nonruminants (Wayman et al., 1970; Ross
etal., 1980) and to some ruminants (Megarrity and Jones,
1983; Jones and Hegarty, 1984). Mimosine can be de-
graded by some rumen bacteria (Allison et al., 1987;
Dominguez-Belloand Stewart, 1990a) that confer tolerance
to ruminants otherwise intoxicated when fed Leucaena
forage. DOPA 3,4-Dihydroxyphenylalanine (DOPA; Fig-
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Figure 1. Structure of some free amino acids and analogue
compounds in plants. (A) Mimosine; (B) 3-hydroxy-4(1H)-
pyridone (3,4DHP); (C) nicotinic acid; (D) 3,4-dihydroxyphen-
ylalanine (DOPA); (E) 3-hydroxypyridine; (F) catechol; (G)
p-aminophenylanlanine; (H) and L-canavanine.

ure 1D) is found in Vicia faba, Macuna spp., and
Stizolobium decringiamin (Lucas et al., 1988) and is toxic
to insects and humans (Harborne, 1989). Nicotinic acid
(Figure 1C) has been shown to be degraded by some aerobic
bacteria (Berhman and Stanier, 1957). Catechol (or
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pyrocatechol; Figure 1F), an intermediate of phenol
metabolism (Scheline, 1991), and p-aminophenylalanine
(Figure 1G) are toxic to humans and insects (Harborne,
1989), respectively. The arginine analogue canavanine
(Figure 1H) has been shown to exert toxic effects on a
wide variety of organisms, from viruses to prokaryote and
higher organisms (Rosenthal, 1970; Schachtele and Rogers,
1968; Liu and Chaloupka, 1984).

A bioactive compound ingested by a ruminant could
potentially affect several targets: prokaryote cells (ruminal
bacteria), and eukaryote cells (ruminal protozoa and yeasts
and the host tissues). Most information on cytotoxicity
of plant compounds refers to eukaryotic cells, some to
rumen bacteria, and there are no studies on rumen
anaerobic protozoa, probably because of technical diffi-
culties in culturing these organisms.

A beneficial effect of defaunation in ruminants fed diets
poor in nitrogen content has been indicated (Bird and
Leng, 1978). Toxins selectively affecting rumen protozoa
might then be of interest in some tropical conditions. This
paper presents information on the effect of natural tyrosine
analogues and some intermediate metabolites (mimosine,
3,4DHP, DOPA, nicotinic acid, 3-hydroxypyridine, cat-
echol) and an arginine analogue (canavanine) on the
viability of eukaryote cells (cultured MA-104 and rumen
protozoa) and on the pattern of rumen fermentation in
vitro.

MATERIALS AND METHODS

Effect of Toxins on the Viability of MA-104 Cells. African
green monkey kidney cells (MA-104) were grown on Eagle’s
minimal essential medium, supplemented with 10% fetal calf
serum, in 24-well Linbro plates. After confluency in the cell
monolayer, toxins (dissolved in Eagle’s minimal essential medium)
were added to the medium in concentrations of 4 and 8 mg/L of
mimosine, nicotinicacid, DOPA, 3-hydroxypyridine, and catechol
and of 0.6 and 1.2 mg/mL of canavanine. The concentrations of
tyrosine analogues and intermediate metabolites were at least
double those theoretically estimated in a 7-L rumen of a sheep
consuming in one pulse 1 kg of L. leucocephala forage (2.5 mg/
mL of mimosine). Similar calculations give a theoretical cana-
vanine concentration of 0.07 mg/mL, in a 7-L rumen containing
200 g of Canavalia ensiformis seeds.

Cell death in MA-104 culture was determined [following the
method described by Ruiz et al. (1991)] at 1.8,4.0, and 5.5 h after
theinclusion of the toxins to the medium, adding 50 uM ethidium
bromide in phosphate buffer saline for 5 min. The medium was
then removed, and fluorescence of the monolayer (a function of
the number of dead cells permeable to ethidium bromide) was
measured in an inverted microscope (Nikon, Diaphot TMD)
equipped with a microphotometer. Total permeabilization was
achieved by adding digitonin (40 ug/mL) to the monolayer. The
experiments were carried out with four replicates for each toxin,
and results were referred to a control cell culture without toxins.

Animals and Fermentors. Anin vitrofermentation system
(Jouany and Thivend, 1986) was inoculated with pooled rumen
contents (50 mL, filtered) from each group of three sheep.
Fermentors contained artificial saliva (50 mL) and the compo-
nents indicated by Jouany and Thivend (1986), with twice the
concentration of NaHCO; and NaHPO, (18.5 and 14.2 g/L,
respectively). The fermentors were fed 3.67 g of starch and 1.25
mL (NH).SO4and contained (per duplicate) mimosine, nicotinic
acid, 3-hydroxypyridine, DOPA, and catechol, in final concen-
trations of 1.6 mg/mL, and canavanine, in a final concentration
of 0.12 mg/mL. All toxins were purchased from Sigma Chemical
Co. (St. Louis, MO). The concentrations of toxins used in this
experiments were all much higher than physiological concen-
trations. The concentration of 3,4DHP in the rumen of sheep
fed 50% (w/w) L. leucocephala forage is about 0.06 mg/mL
(Dominguez-Bello and Stewart, 1990a), and that of canavanine
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Figure 2. Effect of catechol (CAT), nicotinic acid (NA),
mimosine (MIN), 3-hydroxypyridine (30HP), dihydroxyphenyl-
alanine (DOPA), and canavanine (CAN) on death of cells MA-
104. Concentrations were 4 (CAT4, NA4) and 8 (CATS, NAS,
MIMS, 30HP8, DOPAS8) mg/mL of medium. Canavanine con-
centration was 1.2 mg/mL. Standard deviations were very small
(<1.8%) and lie inside the respective symbols in the figure.

in the rumen of sheep fed 40% (w/w) C. ensiformis seeds was
about 0.012 mg/mL (measurements performed 4 h after feeding;
Dominguez-Bello and Stewart, 1990b).

Protozoal counts were recorded on samples taken from the
fermentors at 0 and 6 h postinoculation using a Dollfuss cell
under a 20X objective lens. Samples were filtered through a
double gauze, and 0.1 mL was evenly spread on the chamber.
Protozoa were stained by adding one drop of Lugol solution,
counts were performed on four columns, and the numbers per
milliliter of sample were estimated.

Gas volume was measured by trapping the gas produced into
inverted graduated cylinders submerged in water saturated in
CaCl; to avoid solubilization of gas (Jouany and Thivend, 1986).

Samples were taken at different time intervals for determi-
nations of volatile fatty acids (VFA), pH, ammonia nitrogen, and
production of gas and at 6 h for the determination of gas
composition.

Analytical Methods. VFA were analyzed by gas-liquid
chromatography as described by Jouany (1982). Ammonia
concentrations were assayed by the method of Van Eenaeme et
al. (1969), using a Technicon autoanalyzer. The composition of
gases produced was determined by gas chromatography following
the method described by Jouany and Senaud (1979).

RESULTS

Effect of Toxins on MA-104 Cells. Addition of
3-hydroxypyridine, 3,4DOPA, mimosine (4 and 8 mg/L),
or canavanine (0.6 and 1.2 mg/L) had no effect whatsoever
on the viability of the confluent MA-104 cell monolayer.
However, nicotinic acid and catechol (4 and 8 mg/L) were
potent cytotoxins, causing cell death within a few hours
(Figure 2).

Effect of Toxins on Rumen Protozoa. Fermentors
inoculated with rumen liquor from faunated animals
consuming lucerne diet had a predominance of Entod-
inium (75-85%) and Epidinium (15-25%; Figure 3)
protozoa. Initial protozoal density in the inoculum was
7 X 104 protozoa/mL. There was a 2-fold increase in
protozoa numbers in the control flasks after 6 h of
incubation, and in the treated flasks, protozoa viability
was not reduced by the toxins. Furthermore, mimosine
and canavanine caused an increase of about 26% in the
numbers of protozoa from the inoculum of animals
consuming lucerne diet (Figure 3).

Effect of Toxins on Fermentation Parameters.
VFA. The production of VFA by the defaunated inoculum
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Figure 3. Effect of toxins on the in vitro viability of rumen
protozoa from animals consuming lucerne diet. Initial density in
the inoculum was 6.92 X 10* protozoa/mL of rumen contents.
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Figure 4. Effect of toxins on the production of VFA by faunated
(A) and defaunated (B) inocula from sheep consuming lucerne
diet. VFA concentrations in the control flasks after 6 h of
incubation were 49.3 (A) and 80.7 mmol/L (B). Toxins are
abbreviated MIM (mimosine), NA (nicotinic acid), 30HP (3-
hydroxypyridine), DOPA (3,4-dihydroxyphenylalanine), CAT
(catechol), and CAN (canavanine).

during 6 h in the fermentors was higher than that by the
faunated one (80.7 vs 49.3 mmol/L). The production of
VFA by the inoculum from faunated animals was increased
by all toxins except hydroxypyridine, which did not have
an effect, and catechol, which drastically reduced VFA
production (Figure 4A). Catechol was the only toxin
having an effect on the production of VFA by defaunated
inoculum, and this effect was markedly inhibitory (Figure
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Figure 5. Effect of toxins on pH of media inoculated with
faunated (A) and defaunated (B) inocula from sheep consuming
lucerne diet. Toxins are abbreviated MIM (mimosine), NA
(nicotinic acid), 30HP (3-hydroxypyridine), DOPA (3,4-dihy-
droxyphenylalanine), CAT (catechol), and CAN (canavanine).

4B). Fermentors containing catechol developed a dark
color after 6 h of incubation.

pH. Mean pH values after 6 h of incubation were close
to 6 in control flasks inoculated with either faunated
(Figure 5A) or defaunated (Figure 5B) inocula. There
was no apparent effect of the toxins, except for an increase
in pH by catechol (Figure 5).

NH;. The production of ammonia by faunated or
defaunated inocula after 15 min of incubation was about
500 mg/L (subtracting the values for ammonia at time 0;
Figure 6), with no effect due to addition of toxins to the
media. Fermentors with defaunated inocula had, after 6
hof incubation, lower concentrations of ammonia (between
150 and 220 mL/L; Figure 6B) than those with faunated
inocula (220-380 mL/L; Figure 6A), except for the fer-
mentors with catechol, where ammonia levels remained
high (Figure 6).

Gases. Control fermentors with faunated and defau-
nated inocula produced, respectively, 340 and 370 mL of
gas. Total gas production was increased by mimosine,
nicotinic acid, and canavanine, while it was markedly
reduced by catechol and to a lesser extent by 3-hydroxy-
pyridine (Figure 7). The increase in the production of gas
corresponded to an increase in CH, (Figure 8A,C) and
CO; (Figure 8B,D). Catechol drastically inhibited pro-
duction of CH4 and CO;. Defaunation did not alter total
gas production, and the effect of toxins was similar to
those in faunated inoculum. Defaunation, however, caused
an increase in Hy and a decrease in CH, (Figure 8C).
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Figure 6. Effect of toxins on ammonia concentrations in media
inoculated with faunated (A) and defaunated (B) inocula from
sheep consuming lucerne diet. Toxins are abbreviated MIM
(mimosine), NA (nicotinic acid), 30HP (3-hydroxypyridine),
DOPA (3,4-dihydroxyphenylalanine), CAT (catechol), and CAN
(canavanine).

DISCUSSION

At the concentrations of toxins included in the cultures
of MA-104 cells, only catechol and nicotinic acid increased
cell death. The experiments performed did not measure,
however, toxic effects such as inhibition of cell division or
any effect other than that on cell viability. Some toxins
may affect cell metabolism without being lethal. Cana-
vanine, for example, as an arginine analogue, might
interfere with the physiological processes regulated by
diamines and polyamines, important factors for growth
regulation in bacteria and eukaryote cells (Bender, 1985).
Mimosine has been shown to chelate metal ions necessary
for enzyme activities (Stunzi et al., 1980; Cheeke and Shull,
1985; Jones et al., 1978) and to interfere with the
metabolism of tyrosine and methionine (Christie et al.,
1979; Cheeke and Shull, 1985; Hegarty et al., 1976).
Viability of rumen protozoa appeared to be unaffected by
the addition of the toxins to the media in concentrations
that did cause alterationsin the fermentation parameters.
In general, protozoa seem to be less sensitive to pesticides
and a number of antibacterial agents than are rumen
bacteria (Prins, 1978), although they appear to be more
sensitive to detergents and a low pH (Prins, 1991).

Defaunated inocula showed less production of VFA and
methane, and higher ammonia concentration than fau-
nated inocula, as has been reported in the rumen (Hobson
and Jouany, 1988). Protozoal numbers were stimulated
by mimosine and canavanine, while the fermentation
- activity of faunated inocula was stimulated by mimosine,
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Figure 7. Effect of toxins on gas production by faunated (A)
and defaunated (B) inocula from sheep consuming lucerne diet.
Toxins are abbreviated MIM (mimosine), NA (nicotinic acid),
30HP (3-hydroxypyridine), DOPA (3,4-dihydroxyphenylala-
nine), CAT (catechol), and CAN (canavanine).

nicotinicacid, DOPA, and canavanine (e.g., increased VFA
and gas—methane and carbon dioxide—production, with-
out a detectable decrease in pH). These changes were
more marked in fermentors with faunated inocula, indi-
cating that protozoal activity or that of the protozoa-
bacteria system was affected by these toxins.

Bacteria, as suggested by the results with defaunated
inoculum, were not affected in their fermentation activity
by canavanine. Some rumen bacterial strains are able to
degrade canavanine in vitro, and rumen bacterial sensi-
tivity to canavanine was dependent on the composition of
the culture medium (Dominguez-Bello and Stewart,
1990b).

The stimulatory effect of mimosine, nicotinic acid,
DOPA, and canavanine on bacterial fermentation con-
tradicts previous results with pure cultures of rumen
bacteria. DOPA, nicotinic acid, and 3-hydroxypyridine
have been shown to inhibit the growth of pure cultures of
rumen bacteria, although some of these compounds can
be degraded by rumen bacteria (Dominguez-Bello, 1989).

Catechol markedly depressed the fermentation activity
and produced an impaired capability of the microflora to
useammonia. Catechol has been proved to be an inhibitor
of bacterial growth of pure rumen bacterial strains
(Dominguez-Bello, 1989), which agrees with our results.
The dark color of flasks containing the potent toxic
catechol might be due to the formation polymers of
conjugated quinones. The metabolism of catechol in
mammals involves oxidation to quinone derivatives and
formation of benzoquinone and glutathione conjugates of
the quinone (Sadler et al., 1988; Bhat et al., 1988). These
compounds may suffer further polymerization, yielding
products that give the urine a dark appearance (Miller et
al., 1973).
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Figure 8. Effect of toxins on the composition of gas produced by faunated (A and B) and defaunated (C and D) inocula from sheep
consuming lucerne diet. Toxins are abbreviated MIM (mimosine), NA (nicotinic acid), 30HP (3-hydroxypyridine), DOPA (3,4-

dihydroxyphenylalanine), CAT (catechol), and CAN (canavanine).

Defaunation caused accumulation of hydrogen in det-
riment of methane production. This result is consistent
with previous findings (Jouany et al., 1981; Whitelaw et
al., 1984), which attribute the reduction in methane
production to the elimination of methanogens associated
to protozoa (to their surface; Vogels et al., 1980) which
provide methane precursors (Hobson and Jouany, 1988).
Results from previous works have indicated a positive
effect of defaunation on the intestinal nitrogen supply,
mainly due to a lower proteolysis and deamination
(Itabashi and Katada, 1976), reduction of N recycling in
the rumen, and a higher flow of microbial protein into the
duodenum (Jouanyand Thivend, 1986; Ushida et al., 1990).
The higher fermentation activity leading to VFA and gas
in this study was inconsistent with the reported decrease
(of 37%) in organic matter digestion after defaunation
(Jouany and Thivend, 1986). However, fermentation by
bacteriais quicker and more intense than that by protozoa
(Jouany and Thivend, 1986), and this could explain the
higher productions of VFA by defaunated inocula relative
tothat by faunatedin thisstudy. Thus, theselective direct
effect of a toxin against a particular rumen population of
bacteria or protozoa can also indirectly affect the density
and activities of other populations.

The composition of rumen microflora may be different
among animals consuming different diets, and the re-
sponses to toxins can therefore vary. We performed an
experiment similar to the one reported in this paper,
inoculating the fermentors with rumen contents from
faunated animals consuming timothy diet (1.5 kg of
timothy hay and 0.3 kg of pelleted barley grain) and found
no effects of the toxins used in this work on the production
of VFA and ammonia uptake (results not shown). The
fact that the chemical environment (e.g., diet) may affect
the action of a given toxin on the microbes from the rumen
makes the toxicological problem even more complex.

Understanding the toxicology of plant phytotoxins on
all posible targets exposed during the ruminant digestive
process and their digestive microbial degradation is
fundamental to the understanding of the rumen function
to achieve biological solutions to problems of toxicity and
in the practice of defaunation using tropical plants
containing defaunating agents. The complexity of the
rumen ecosystem, the variation of bacteria and protozoa

in their response toward toxins, and the effects due to
interactions among different populations are of relevance
if the rumen composition is to be manipulated.

ACKNOWLEDGMENT

We acknowledge financial support from CONICIT (S1-
2152), from the international cooperation agreement (PCP-
canavalia) between France and the Venezuelan CONICIT,
and from the International Foundation for Science
(B1030).

LITERATURE CITED

Allison, M. J.; Cook, H. M.; Stahl, D. A. Characterisation of rumen
bacteria that degrade dihydroxypyridine compounds produced
from mimosine. Proceedings of the International Symposium
on the Nutrition of Herbivores; University of Queensland:
Australia, 1987; pp 55-56.

Bell, E. A. The physiological role(s) of secondary (natural)
products. In The Biochemistry of plants; Academic Press:
London, 1981; Vol. VIIL

Bender, D. A. Amino acid metabolism; Wiley: New York, 1985.

Berhman, E. J.; Stanier, R. I. The bacterial oxidation of nicotinic
acid. J. Biol. Chem. 1957, 228, 923-945.

Bhat, R. V.; Subrahmanyam, V. V.; Ross, D. Bioactivation of
catechol in rat and human bone marrow cells. Toxicol. Appl.
Pharmacol. 1988, 94, 297.

Bird, S. H.; Leng, R. A. The effects of defaunation of the rumen
on the growth of cattle on low-protein, high-energy diets. Br.
J. Nutr. 1978, 40, 163-167.

Cheeke, P. R.; Shull, L. R. Natural Toxicants in Feeds and
Poisonous Plants; AVI, Westport, CT, 1985.

Christie, G. S.; Lee, C. P.; Hegarty, M. P. Antithyroid properties
of 30H 4(1H) pyridone. Endocrinology 1979, 105, 342-347.

D’Mello, J. P. F. Toxic aminoacids. In Antinutritional factors,
potentially toxic substancesin plants; D’Mello, J. P. F., Duffus,
C. M., Duffus, J. H., Eds.; Aspects of Applied Biology; 1989;
Vol. 19, pp 29-50.

Dominguez-Bello, M. G. Microbial Ecophysiology in the rumen
of sheep fed tropical forages. Ph.D. Dissertation, University
of Aberdeen, Scotland, 1989.

Dominguez-Bello, M. G.; Stewart, C.S. Degradation of mimosine,
2,3-dihydroxypyridine and 3-hydroxy-4(1H)-pyridone by bac-
teria from the rumen of sheep in Venezuela. FEMS Microbiol.
Ecol. 1990a, 73, 283-290.

Dominguez-Bello, M. G.; Stewart, C. S. Effects of feeding
Canavalia ensiformis on the rumen flora of sheep, and on the



2050 J. Agric. Food Chem., Vol. 41, No. 11, 1993

toxic amino acid canavanine on rume bacteria. Syst. Appl.
Microbiol. 1990b, 13, 388-393.

Harborne, J. B. Recent advances in chemical ecology. Nat. Prod.
Rep. 1989, 6, 85-109.

Hegarty, M. P.; Court, R. D.; Christie, G. S.; Lee, C. P. Mimosine
in Leucaena leucocephala is metabolised to a goitrogen in
ruminants. Aust. Vet. J. 1976, 52, 490.

Hobson, P. N.; Jouany,J. P. Models, mathematical and biological,
of the rumen function. In The Rumen Microbial Ecosystem,;
Hobson, P. N., Ed.; Elsevier Applied Science: New York, 1988.

Itabashi, H.; Katada, A. Studies on nutritional significance of
rumen ciliate protozoa in cattle. 2. Influence of protozoa on
aminoacids concentration in some rumen fractions and blood
plasma. Bull. Tohoku Natl. Agric. Exp. Stn. 1976, 52, 169-
176.

Jones, R. J.; Hegarty, M. P. The effect of different proportions
of Leucaena leucocephala in the diet of cattle on growth, feed
intake thyroid function and urinary excretion of 3-hydroxy-
4(1H)-pyridone. Aust. J. Agric. Res. 1984, 35, 317-325.

Jones, R. J.; Blunt, C. G.; Nurnberg, B. I. Toxicity of Leucaena
leucocephala: the effects of iodine and mineral supplements
on penned steers fed a sole diet of Leucaena. Aust. Vet. J.
1978, 54, 387-392.

Jouany, J. P. Volatile fatty acids and alcohol determination in
digestive contents, silage juice, bacterial cultures and anaerobic
fermentor contents. Sci. Aliments 1982, 2, 131-144.

Jouany, J. P.; Senaud, J. Ann. Biol. Anim., Biochim. Biophys.
1979, 19, 619-624.

Jouany, J. P.; Thivend, P. In vitro effects of avoparcin on protein
degradability and rumen fermentation. Anim. Feed Sci.
Technol. 1986, 15, 215-229,

Jouany, J. P.; Zainab, B.; Senaud, J.; Groliere, C. A.; Grain, J.;
Thivend, P. Role of the rumen ciliate protozoa Polyplastron
multivesiculatum, Entodinium sp and Isotricha prostoma in
the digestion of a mixed diet in sheep. Reprod. Nutr. Dev.
1981, 21, 871-884.

Liu, C. J.; Chaloupkas, J. Degradation of proteins in canavanine-
grown yeast. Folia Microbiol. 1984, 29, 90-92.

Lucas, B.; Guerrero, A.; Sigales, L.; Sotelo, A. Degradation of
soluble and insoluble proteins by Bacteroides amylophilus
protease and by rumen microorganisms. J. Anim. Sci. 1988,
42, 745-153.

Megarrity, R. G.; Jones, R. J. Toxicity of Leucaena leucocephala
in ruminants: the effect of supplemental thyroxine on goats
fed on a sole diet of leucaena. Aust. J. Agric. Res. 1983, 34,
791-798.

Miller, J. J.; Powell, G. M.; Olavesen, A. H.; Curtis, C. G. The
metabolism and toxicity of phenols in cats. Biochem. Soc.
Trans. 1973, 1, 1163.

Prins, R. A. Nutritional impact of intestinal drug-microbe
interactions. In Nutrition and Drug Interrelationships; Hath-
cock, J. N., Coon, J. J., Eds.; Academic Press; New York,
1978; pp 189-251.

Prins, R. A. The rumen ciliates and their functions. In Rumen
microbial metabolism and ruminant digestion; Jouany, J. P.,
Ed.; INRA: Paris, 1991; pp 39-52.

Pusztai, A. J. Importance of anti-nutritive factors in feedingstuffs
evaluation. Proc. Int. Semin. Feedingstuffs Eval. Feeds 1986,
1, 99-107.

Dominguez-Belio et al.

Rosenthal, G. A. Investigations of canavanine biochemistry in
the Jack bean plant Canavalia ensiformis (L) D.C.I. Cana-
vanine utilisation in the developing plant. Plant Physiol. 1970,
46, 237-2786.

Rosenthal, G. A.; Bell, E. A. Naturally ocurring, toxic non-protein
aminoacids. In Herbivores: Their Interaction with Secondary
Plant Metabolites; Rosenthal, G. A., Janzen, D., Eds.; Aca-
demic Press: New York, 1979; pp 353-385.

Ross, E.; Wayman, O.; Oishi, F. G. The use of Japanese quail to
study the effect of Leucaena leucocephala and mimosine on
egg production. Proc. Am. Soc. Anim. Sci., West. Sect. 1980,
31, 129-132.

Ruiz, M. C,; Michelangeli, F.; Ludert, J. E.; Liprandi, F.; del
Castillo, J. R.; Chemello, M. E.; Benaim, G.; Cohen, E.
Fluorometric quantification of cell deathin monolayer cultures
and cell suspensions. J. Biochem. Biophys. Methods 1991,
23, 237-248.

Sadler, Surahmanyam, V. V.; Ross, D. Oxidation of catechol by
horseradish peroxidase and human leukocyte peroxidase:
reactions of o-benzoquinone and o-benzosemiquinone. Toxicol.
Appl. Pharmacol. 1988, 93, 62.

Schachtele, C. F.; Rogers, P. Mechanisms of canavanine death
in Echerichia coli. I: Effect of canavanine on macromolecular
synthesis. J. Mol. Biol. 1968, 33, 843-860.

Scheline, R. R. Handbook of mammalian metabolism of plant
compounds; CRC Press: Boston, 1991.

Stunzi, H.; Harris, R. L. N.; Perrin, D. D.; Teitei, T. Stability
constants for metal complexation by isomers of mimosine and
related compounds. Aust. J. Chem. 1980, 33, 2207-2220.

Ushida, K.; Kayouli, C.; De Smet, S.; Jouany, J. P. Effect of
defaunation on protein and fiber digestion in sheep fed on
ammonia-treated straw-based diets with or without maize. Br.
J. Nutr. 1990, 64, 765-775.

Van Eenaeme, C.; Bienfait, J. M.; Lambot, O.; Pondant, A.
Automatic determination of ammonia in rumen liquor by the
Berthelot method adapted to an autoanalyzer. Ann. Med.
Vet. 1969, 7, 419-424.

Van Soest, P. J. Nutrition ecology of the ruminant; Cornell
University Press: Ithaca, NY, 1982,

Van Veen, A. G. Toxic properties of certain unusual foods. In
Toxicants Occurring Naturally in Foods; National Academy
of Science: Washington, DC, 1973; pp 464-476.

Vogels, G. D.; Hoppe, W. F.; Stumm, C. K. Association of
methanogenic bacteria with rumen ciliates. Appl. Environ,
Microbiol. 1980, 40, 608-612.

Wayman, O.; Iwanagas, I. I.; Hugh, W. I. Fetal resorption caused
in swine by Leucaena leucocephala (LAM) de Wit in the diet.
J. Anim. Sci. 1970, 30, 383-388.

Whitelaw, F. G.; Eadie,J. M.; Bruce, L. A.; Shand, W. J. Methane
production in defaunated and ciliate-free cattle and its
relationship with rumen volatile fatty acid proportions.
Nutrition 1984, 52, 261-275.

Received for review March 26, 1993. Revised manuscript received
July 13, 1993. Accepted July 26, 1993.®

® Abstract published in Advance ACS Abstracts, Sep-
tember 15, 1993.




