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Metabolic changes in the rumen following
protozoal inoculation of fauna-free sheep
fed a corn silage diet supplemented
with casein or soybean meal*

M Ivan**, LL Charmley, L Neill, M Hidiroglou
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(Received 6 September 1990; accepted 7 February 1991)

Summary — Fauna-free wethers were fed bi-hourly a corn silage diet containing casein
or soybean meal as a protein supplement. The wethers were inoculated via rumen can-
nula with a mixed population of ruminal ciliate protozoa. Ruminal fluid was sampled
daily for 4 d before and for 13 d (and on d 28) after inoculation. Protozoal populations
reached peak numbers on d 8 and decreased to new levels after d 9 for wethers on
both supplements. Protozoa decreased ( P< 0.01) the concentrations of total volatile
fatty acids, increased ( P < 0.01) the pH and decreased ( P < 0.01)he concentrations of
total and non-ammonia nitrogen in ruminal fluid. The concentrations of ammonia nitrogen
increased with increasing numbers of protozoa for wethers on both supplements, but
the concentrations decreased after d 7 to approximately pre-inoculation levels for the
casein-supplemented diet. The increasing numbers of protozoa were associated with
the increased concentrations of total and free a-amino nitrogen ( P < 0.01) and sulfide
( P < 0.05) and with the decreased concentrations of soluble Cu ( P < 0.05) in the ruminal
fluid in soybean meal-supplemented wethers but not in those receiving casein. It was
concluded that dietary proteins with differing physical characteristics are metabolized to
a different extent by ruminal ciliate protozoa, which in turn can affect the metabolism
of other dietary nutrients such as nitrogen and sulfur and contribute to copper—sulfur
interaction.

protozoa / casein / soybean meal / ruminal metabolism / sheep

Résumé — Modifications métaboliques dans le rumen aprés inoculation de proto-
zoaires chez des moutons exempts de faune et nourris a I’ensilage de mais sup-
plémenté par de la caséine ou de la farine de soja. Des moutons exemplts de faune
ont été nourris toutes les 2 h avec de l'ensilage de mais contenant, soit de la caséine,
soit de la farine de soja comme supplément protéique. Les moutons ont regu, au moyen
d’une canule dans le rumen, un mélange de protozoaires de rumen. Le liquide ruminal
a été prélevé chaque jour pendant 4 j avant I'inoculation et 13 (ainsi qu'au jour 28)
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apreés l'inoculation. La population de protozoaires a atteint sa valeur maximale au jour
8 et a décru les jours suivants chez tous les moutons. La présence de protozoaires a
entrainé une diminution (P < 0.01) de la concentration en acides gras volatils totaux,
une augmentation (P < 0.01) du pH et une diminution (P < 0.01) des concentrations
de l'azote non ammoniacal dans le liquide ruminal. Les concentrations d'azote ammo-
niacal ont augmenté en méme temps que le nombre de protozoaires chez tous les
moutons, mais les concentrations ont diminué aprés le jour 7 & un taux approximative-
ment égal a celui observé avant I'inoculation chez les moutons qui ont regu de la ca-
séine. L'augmentation du nombre de protozoaires a été associée a l'augmentation des
concentrations de l'a-amino azote libre et total (P < 0.01) et du sulfure (P < 0.05) et
a une diminution du cuivre soluble ( P < 0.05) dans le liquide ruminal des moutons sup-
plémentés en farine de soja mais pas dans celui de ceux qui ont regu de la caséine.
On peut conclure que les protéines alimentaires qui présentent des caractéristiques
physiques différentes sont métabolisées de fagon différente par les protozoaires ciliés
du rumen, ce qui peut affecter le métabolisme des autres substances nutritives comme

l'azote et le soufre, et contribuer & une interaction entre le cuivre et le soufre.

protozoalres / caséine / farine de soja/ métabolisme ruminal / mouton

INTRODUCTION

Recent in vitro studies (Hino and
Russell, 1987; Michalowski, 1989)
suggest that the source of dietary
protein is an important factor affect-
ing its susceptibility to fermentation
by ciliate protozoa in the rumen.
Therefore, the many conflicting re-
ports regarding the effects of proto-
zoa on the metabolic parameters of
ruminal fermentation (Veira, 1986)
are probably a result of differences
in physical characteristics such as
solubility (Michalowski, 1989) or par-
ticle size (Coleman and Sandford,
1979) of the dietary proteins fed. Re-
cent findings show that ruminal cil-
iate protozoa decrease the
bioavailability and liver uptake of
copper (Cu) in sheep receiving soy-
bean meal (SBM) (lvan et al, 1986;
lvan, 1988, 1989) but not in sheep
receiving casein (CA) (lvan, 1989) as
a protein supplement. Differences in
metabolism of the 2 supplements by
the protozoa and hence in the pro-

duction of sulfide (which decreases
the biovailability of dietary Cu (Suttle,
1974)) by the ruminal bacteria was
suspected as being a major factor in
the interaction between ruminal
protozoa, dietary protein and dietary
Cu metabolism. This hypothesis was
tested in the present experiment by
illustrating metabolic changes after
the ruminal inoculation with a mixed
population of ciliate protozoa. The
protozoal population was expected to
be stable after 8 d following the ino-
culation (Veira et al, 1984).

MATERIALS AND METHODS

Eight wethers (Canadian Arcott) contain-
ing surgically implanted rumen and duode-
nal cannulas were used. The surgery had
been performed at least 2 months before
the measurements were started. The we-
thers, weighing 40-49 kg, originated from
a fauna-free flock; they were thus fauna-
free from birth. Fourteen d before the in-
itiation of measurements, the wethers
were allocated to 2 groups of 4 and
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placed in plastic metabolism cages (lvan
and Hidiroglou, 1980) in a temperature-
controlled room. One group received a
CA-supplemented corn silage diet (CA
diet) and the other an SBM-supplemented
corn silage diet (SBM diet). Nine hundred
g dry matter (DM)/d was delivered to each
wether in 12 equal portions, at 2-h inter-
vals, by automatic feeder (Buckley et ai,
1985). The intake of each wether was
maintained constant for the duration of the
experiment. The composition of the diets
is summarized in table |. The wethers had
continuous access to drinking water.

At the beginning of the experiment all
8 wethers were fauna-free. After receiving
experimental diets for 14 d, sampling of
feed and ruminal fluid was carried out
from all wethers for 17 d. Each wether
was inoculated with a mixed population of
ciliate protozoa after the first 4 d of samp-
ling. Ruminal fluid was also sampled on
d 28 after the inoculation.

Ruminal fluid, used for inoculating the
experimental wethers, was obtained from
4 other sheep that had been fed a corn
silage diet and had a normal protozoal
population. The fluid was mixed and
100 ml portions centrifuged at 500 g for
3 min. The supernatant fraction of each

portion was discarded and the protozoal
fraction suspended in 100 ml of saline.
Each wether was dosed with 100 ml of
suspension via the rumen cannula.

Samples of ruminal fluid (100 ml) were
obtained from each wether daily (between
10:00 and 11:00 h) via the rumen cannula,
= 1h after feeding. Samples were strained
through 4 layers of cheesecloth and after
measuring pH, the fluid was subdivided
for analysis. One portion was immediately
used for the determination of sulfide while
the second portion was stored for other
chemical analyses. The third portion was
immediately centrifuged at 70 000 g for
30 min to obtain the soluble cell-free frac-
tion.

Feed samples were freeze-dried,
ground and the DM determined. Organic
matter (OM) was calculated as DM loss
after ashing at 550°C for 16 h. Acid deter-
gent fiber (ADF) was estimated by the
method of Goering and Van Soest (1970).
Nitrogen (N) was determined by Kjeldahl
digestion. a-Amino-N in the supernatant
of rumen fluid and in hydrolyzed (6 N HCI)
Gehrke et al, 1985) feed samples was
measured by the ninhydrin method (Moore
and Stein, 1954). Ammonia in ruminal
fluid was determined by the phenol-hypo-

Table 1. Composition of diets (dry matter basis).

Ingredient Diet

Casein - Soybean meal
Composition (%)
Corn silage 85.0 76.3
Casein 12.6 -
Soybean meal - 21.3
Vitamin-mineral premix® 24 24
Chemical analysis
Crude protein (%) 14.5 14.4
o-amino nitrogen (%) 1.55 1.57
Acid detergent fiber (%) 27.7 27.2
Ash (%) 7.0 6.5
Sulfur (%) 0.13 0.15
Copper {(ug/g) 14.8 15.0

2The premix contained (g/kg) : 380 cobalt-iodized salt, 290 limestone, 197 biofos, 132 chromic oxide,
0.037 retinol, 0.005 cholecalciferol, 0.3 vitamin E and 1.3 (casein diet) or 0.9 (soybean meal diet) copper

chioride (CuCl,-2H:0).
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chlorite reaction (Weatherburn, 1967).
Determination of volatile fatty acids (VFA)
in ruminal fluid was as described pre-
viously (Erfle et al, 1979). Sulfide in rumi-
nal fluid was measured using a sulfide ion
electrode (Khan et al, 1980). Counting of
ciliate protozoa in ruminal fluid was as de-
scribed previously (Veira et al, 1983).

Analysis of variances was used to test
the statistical significance of differences
between pooled means for d3-d0 and
d9-d13 relative to inoculation of sheep with
a mixed population of ciliate protozoa.

RESULTS

Protozoal numbers and pH

Microscopic examination of the rumi-
nal fluid taken on the 4 consecutive
days before the ruminal inoculation
with protozoa confirmed the proto-
zoa-free status of each wether. Fol-
lowing. the inoculation, protozoal
populations rapidly increased each
day reaching a peak on d 8 for both
the CA (199x10%ml) and SBM
(166 x 10%/ml) diets. However, after
d 9 protozoal numbers decreased to
new levels of = 100 x 10%/ml for we-
thers on both diets. Similarly, pH
values gradually increased ( P< 0.01)
for both the CA and SBM fed wethers
during the 8 d post-inoculation from
an average of 5.8 and 6.0 respective-
ly before the inoculation to 6.3 and
6.2, respectively after d 8 following
the inoculation (table II).

Volatile fatty acids

The concentration of total VFA, in
wethers on both diets, gradually de-
creased during the 9 d following the
inoculation and remained approxi-
mately the same thereafter. It was
significantly lower ( P< 0.01) after d

9 following the inoculation than be-
fore the inoculation with protozoa
(table IlI). The concentration of acetic
acid was higher ( P< 0.05) and iso-
butyric acid lower ( P < 0.01) for we-
thers fed the SBM compared to those
fed the CA diet. There were also
lower ( P < 0.01) molar proportions of
isobutyric, isovaleric and valeric
acids for wethers fed the SBM com-
pared to those fed the CA diet. Fau-
nation resulted in a decrease
( P<0.01) in the concentration of
acetic and propionic acids and an in-
crease ( P<0.01) in the concentra-
tion of isobutyric acid for wethers fed
both diets. Acetic acid : propionic
acid ratios were not affected by
protozoa. Faunation also caused a
decrease ( P < 0.01) in the molar pro-
portion of acetic acid and an in-
crease ( P<0.01) in the proportion
of isobutyric and butyric acids. None
of the interactions between protein
and protozoa were significant
( P> 0.05).

Nitrogen

Faunation decreased ( P < 0.05) the
total-N and non-ammonia-N (NAN)
concentration (table IllI) in ruminal
fluid of wethers on both diets. The
decrease in wethers fed the CA diet
corresponded with the increasing
population of ruminal protozoa and
reached a peak on d 9 (fig 1). In we-
thers fed the SBM diet the concen-
tration of total-N and NAN
decreased rapidly during the first
5 d following the protozoal inocula-
tion and remained approximately the
same throughout the rest of the ex-
periment. However, the effects of
protein or of interaction between pro-
tein and protozoa were not signifi-
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Fig 1. Total (-) and non-ammonia (---) ni-
trogen in ruminal fluid of fauna-free we-
thers fed a corn silage diet containing
casein (o) or soybean meal () as protein
supplement before and after inoculation
with ciliate protozoa. Vertical bars are
standard errors.

cant ( P> 0.05). The decreases in
total-N and NAN concentrations
corresponded to increases in am-
monia-N concentrations (fig 2). The
ammonia-N concentrations in ruminal
fluid were higher ( P<0.01) for we-
thers fed the CA diet than for those
fed the SBM diet (table Il}. For we-
thers fed the CA diet, the concentra-
tion increased from 22.2 mg/100 ml at
d 0 to a peak value of 30.2 mg/100 ml
on d 7, and decreased to
21.1 mg/100 mi by d 13 (fig 2). How-
ever, for wethers fed the SBM diet,
the ammonia-N concentration in-
creased from 12.9 mg/100 mi at d
0 to 20.5 mg/100 ml by d 5, and re-
mained at approximately the same
level until d 13. This resulted in sig-
nificant effects ( P< 0.05) of both

233
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20}
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PR 4
o} 2 4 6 8 10 12 14

Time relative to protozoa inoculation (days)

Fig 2. Ammonia-nitrogen in ruminal fluid of
fauna-free wethers fed a corn silage diet
containing casein (0) or soybean meal (s)
as protein supplement before and after in-
oculation with ciliate protozoa. Vertical
bars are standard errors.

protozoa and protein x protozoa in-
teraction (table II).

The concentration of N and free a-
amino-N (fig 3) in the soluble cell-
free fraction of ruminal fluid of
wethers fed the CA diet increased
only slightly during the first 3 d fol-
lowing the inoculation with ciliate
protozoa. They remained at approxi-
mately the same level thereafter.
However, for wethers fed the SBM
diet, these parameters substantially
increased during the initial 7 d post-
inoculation, and then stabilized be-
tween d 7 and d 13. There were
significant effects ( P < 0.01) of both
protein and protozoa and of interac-
tion between protein and protozoa
on the concentrations of free o-
amino-N in the soiuble fraction of
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ruminal fluid (table 1l). However,
while the effect of protozoa on the
concentration of soluble N was sig-
nificant ( P < 0.01) the effects of pro-
tein or of interaction between protein
and protozoa were not.

Copper and sulfide

The concentration of Cu in the so-
luble, cell-free fraction of ruminal
fluid (fig 4) was initially (d 0) similar
for wethers fed the CA diet
(0.153 pg/ml) and for those fed the
SBM diet (0.146 pg/ml). The concen-
tration decreased for both diets dur-
ing the 1st d after the inoculation
with protozoa, but during the follow-
ing 4 d it further declined for wethers
fed the SBM diet while it increased

Nitrogen (mg/100 ml)
a-amino N (mg/100 mi)

Time relative to protozoa inoculation (days)

Fig 3. Nitrogen (-) and a-amino nitrogen
(--) in soluble, cell-free fraction of ruminal
fluid of fauna-free wethers fed a corn sil-
age diet containing casein (o) or soybean
meal (¢) as protein supplement before and
after inoculation with ciliate protozoa. Ver-
tical bars are standard errors.

M Ivan et al

to approximately pre-inoctlation level
for those fed the CA diet. Although
there were some changes in the
Cu concentration after d 5 for both
diets, it generally remained at ap-
proximately pre-inoculation level for
wethers fed the CA diet (between
0.147-0.177 pg/ml) and much below
the pre-inoculation level for those fed
the SBM diet (between 0.097-
0.117 pg/ml). The effects of protozoa
and of interaction between protein
and protozoa (table ll) were signifi-
cant ( P < 0.05) but the effect of pro-
tein was not.

The concentration of sulfide in
ruminal fluid (fig 4) was initially (d 0)
similar for wethers fed the CA diet
(4.10 pg/ml) and for those fed the
SBM diet (3.92 ug/mi). For wethers
fed the CA diet, the concentration in-
creased marginally during the 1st d
after the inoculation with protozoa
but declined to below the initial value
by d 3, and stayed at this level for
the remainder of the experiment. The
concentration of sulfide for wethers
fed the SBM diet increased to a peak
value of 5.53 ug/mi on d 7. The con-

Copper (ug/mi)
Sulfide (pg/mi)

L L L 2 .
] 2 4 8 8 10 12 14 28
Time relative to protozoa inoculation (days)

Fig 4. Sulfide in ruminal fluid (--) and cop-
per in soluble, cell-free fraction of ruminal
fluid (-) of fauna-free wethers fed a corn
silage diet containing casein (0) or soy-
bean meal () as protein supplement before
and after inoculation with ciliate protozoa.
Vertical bars are standard errors.
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centration then decreased to 4.61
and 4.93 ug/ml on d 11 and d 28, re-
spectively. The concentrations of sul-
fide in ruminal fluid (table Il) were
significantly affected ( P < 0.05) by
protozoa and by interaction between
protein and protozoa but not by pro-
tein { P> 0.05).

DISCUSSION

Following the inoculation of fauna-
free wethers with a mixed population
of ciliate protozoa there was a rapid
growth in protozoal numbers during
the first 8 d for both the CA and SBM
diet, a pattern similar to that pre-
viously found in this laboratory (Veira
et al, 1984). This growth was asso-
ciated with a rapid increase in the
concentration of ammonia-N and a
concomitant decrease in the concen-
trations of total-N and NAN (mainly
for the CA diet), the latter probably
due to increased bacterial turnover
(Demeyer and Van Nevel, 1979).
There was also a decrease in pro-
duction of total VFA for both diets but
the acetic : propionic ratio was not
affected by protozoa. Protozoa in-
creased the production of VFA when
diets were deficient in S (Hegarty,
1989). This was not the case in the
present experiment.

In in vitro incubations, 88 % of
rumen bacterial protein turnover was
due to ruminal protozoa, and the rate
of turnover of bacterial protein in
fauna-free sheep was only 6.4 % of
that in faunated sheep {(Wallace and
McPherson, 1987). Protozoa can en-
gulf large numbers of bacteria each
minute (Coleman, 1975) and release
the bacterial cellular contents into

the surrounding medium (Coleman,
1964, 1975; Denholm and Ling,
1984). However, it should be noted
that in the present experiment the
decrease in the concentrations of
total-N and NAN was much smaller
for wethers fed the SBM diet than for
those fed the CA diet, and the con-
centrations for the SBM diet re-
mained almost constant after 5 d
following the inoculation with proto-
zoa. In contrast, the concentration of
total-N and NAN for wethers fed the
CA diet increased to new levels after
d 9, as a consequence of decreased
protozoal numbers. A reverse pattern
to that of total-N and NAN was ob-
tained for the concentration of am-
monia-N. Also, there was virtually no
effect of protozoal population on the
concentrations of soluble-N, free a-
amino-N and suifide for wethers fed
the CA diet, while there was a sub-
stantial increase in these parameters
due to faunation of wethers fed the
SBM diet. The above evidence sug-
gests that there are differences in
protozoal metabolism of CA and
SBM, probably due to differences in
ruminal solubility and physical char-
acteristics of 2 protein supplements.
The present in vivo observation is
supported by recent in vitro experi-
ments in which a consistent negative
relationship between ciliate cell num-
bers and protein solubility was found
(Michalowski, 1989). Also, protozoa
were much more efficient at taking
up bacteria-sized particles than so-
luble compounds or very small par-
ticles (Onodera and Kandatsu, 1970;
Coleman and Sandford, 1979; Hino
and Russell, 1987), and the extent of
ingestion of bacteria by protozoa in-
creased while the growth of protozoa
decreased with increasing casein so-
lubility (Michalowski, 1989). It ap-
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pears, therefore, that the limitation of
protozoa in utilizing casein (Hino and
Russell, 1987; Michalowski, 1989) in
the present experiment was respon-
sible for the lack of major changes
in the concentrations of ammonia-N,
soluble-N, free a-amino-N and sul-
fide in the ruminal fluid of wethers
fed the CA diet. However, the ability
of ruminal protozoa to utilize SBM
(Hino and Russell, 1987) resulted in
the increased concentrations of so-
luble-N and free o-amino-N in the
ruminal fluid following the protozoal
inoculation of wethers fed the SBM
diet. Bacterial metabolism of amino
acids released by protozoal ingestion
of SBM was probably responsible for
the increased concentrations of am-
monia-N and sulfide in the ruminal
fluid of these wethers.

Before the inoculation with proto-
zoa the concentration of ammonia-N
in ruminal fluid of wethers fed the CA
diet was approximately twice as high
as that in the fluid of wethers fed the
SBM diet, while the concentrations of
sulfide were almost the same for
both diets. Also, the concentrations
of ammonia-N in ruminal fluid of we-
thers fed the CA diet increased fol-
lowing the inoculation with protozoa,
while that of sulfide slightly de-
creased. Therefore, there was no simi-
larity in the concentration of
ammonia-N with that of sulfide for the
CA diet. A similarity between these 2
concentations would be expected if
amino acids are metabolized by rumi-
nal bacteria and N released into the
ammonia pool while S (from sulfur
amino acids) is reduced to sulfide
(Hume and Bird, 1970). Such simi-
larity was obtained for the SBM diet.
However, bacterial protein when de-
graded by protozoa is mostly ex-

creted as peptides (Denholm and
Ling, 1985) which are readily utilized
by remaining bacteria, and the micro-
bial protein turned-over by protozoal
metabolism is not degraded beyond
peptides (or free amino acids), while
ammonia-N is liberated from bacterial
nucleic acid (Hegarty, 1989). There-
fore, microbial S and N are not de-
graded to their inorganic forms to an
equal extent, because all cell S is
in protein (Bird, 1973; Czerkowski,
1976), and may be recycled in pep-
tide or amino acid form, while nu-
cleic acid degradation will liberate
ammonia-N but not sulfide. This
would mainly apply to the CA diet in
the present experiment.

The above evidence indicates that
protozoa ingest SBM and thereby re-
lease inorganic and organic S. Both
S forms are rapidly reduced by rumi-
nal bacteria to sulfide and have a
similar negative effect on Cu bio-
availability (Suttle, 1974). However
CA is poorly metabolized by proto-
zoa; therefore, the protozoal require-
ment for N is to a large extent
derived from an engulfment of rumi-
nal bacteria which does not result in
a significant production of sulfide
(Hegarty, 1989). This difference in
sulfide production explains why
protozoa decrease both the solubility
of dietary Cu in the stomach and the
concentration of Cu in the liver of
sheep fed SBM supplements (lvan et
al, 1986; lvan, 1988, 1989), and why
protozoa do not have an effect on
dietary Cu metabolism when sheep
are fed CA (lvan, 1989) or urea (lvan
and Veira, 1982) supplements.

The results of the present experi-
ment support our previous hypo-
thesis that the protozoal effect on the
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bioavailability of dietary Cu is asso-
ciated with the increase in the avai-
lability of ruminal S (lvan et al, 1986).
This hypothesis has been substan-
tiated by Australian researchers(He-
garty et al, 1989).
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