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Fermentation and nitrogen dynamics in Merino sheep given a
low-quality-roughage diet
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1. Fermentation in the rumen and nitrogen dynamics in the body were studied in mature Merino sheep
given a maintenance ration of a low-quality-roughage diet containing mainly chopped wheat straw.

2. Intake of metabolizable energy was 3-49 MJ/d and of total N 6-2 g/d.

3. From measurements of volatile fatty acid (VFA) production rates and stoichiometric principles, it was
calculated that 75 9 of the digestible organic matter intake was fermented in the rumen, making an estimated
44 g/d microbial dry matter available to the animal.

4. The total flux of ammonia through the rumen NH, pool, estimated by *NHj, dilution methods, was
8:2 g N/d of which 3-5 g N/d was irreversibly lost; thus 4-7 g N/d was recycled, partly within the rumen
(approximately 3-8 g N/d) and partly via endogenous secretions (approximately o-9 g N/d). The extensive
recycling of NH;-N within the rumen indicated that turnover of microbial N was considerable, and the total
production of micro-organisms was at least twice the net outflow.

5. The proportion of the N in rumen bacteria derived from rumen ammonia was 62 % and thus 38 % was
derived from other nitrogenous compounds such as peptides and amino acids.

6. The rates of transfer of blood urea into the rumen, estimated from the appearance of *CQO, or **NH,
in the rumen after intravenous single injections of [**C]- and [**Nlurea, did not differ significantly and the
mean transfer was 2-3 g urea-N/d.

7. Estimates of the rate of irreversible loss of urea-C (i.e. urea synthesis in the body) were obtained by
analysis of samples of either blood or urine obtained after a single, intravenous injection of [*Clurea. The
two methods gave results that did not differ significantly. The estimated rate of urea synthesis in the body
was 5-3 g N/d. Urea excretion rate was relatively low, i.e. 12 g N/d, and thus transfer of urea to the digestive
tract was approximately 41 g N/d. Approximately 53 9% of the latter was transferred to the rumen, and
47 % to the rest of the digestive tract. These results are discussed in relation to similar studies with sheep
given other diets.

8. Various aspects of isotope-tracer methods and the errors that could occur in this type of study are
discussed.

In ruminants, urea transferred from the blood to the forestomachs and the hind gut is
hydrolysed making available ammonia-nitrogen that may either be taken up by micro-
organisms or re-absorbed and utilized in the body. Utilization of endogenous urea in this
way provides a means whereby N can be conserved and re-synthesized into amino acids.
Microbial protein synthesized in the rumen may be absorbed from the small intestine but
it is not clear whether microbial protein synthesized from endogenous N in the hind gut is
also available to the animal; however, the general consensus appears to be that, under
normal conditions, absorption of amino acids from the large intestine is probably negligible
(Judson et al. 1975; Ulyatt et al. 1975; Elliot & Little, 1977).

In previous studies of urea and ammonia kinetics in sheep (Cocimano & Leng, 1967;
Nolan & Leng, 1972; Nolan et al. 1976), quantitative estimates of urea transfer to the fore-
stomachs and the lower digestive tract were made. The results obtained with sheep given a
diet of lucerne (Medicago sativa) chaff also provided the basis for development of multi-
compartmental models of N metabolism in sheep given medium-quality diets (Nolan, 1975;
Mazanov & Nolan, 1976; Nolan & Rowe, 1976; Baldwin ez al. 1977). The present study
was undertaken to extend the available information to cover Merino sheep given restricted
amounts of alow-quality-roughage diet. It seemed likely that, under these conditions of
dietary stress, N conservation mechanisms might be more apparent.
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In this study both [*C]- and [**N]urea are used for estimating the urea kinetics in the
body and the rate of urea transfer to the rumen and lower digestive tract; the results also
provide information on fermentation processes in the rumen and absorption of NH; from
the rumen.

MATERIALS AND METHODS
Experimental animals and diet

Five Merino ewes (aged 4 years) designated A, B, C, D and E were used. The animals,
which were fitted with rumen cannulas, were held in individual metabolism crates in a room
that was continually illuminated during the experiments, and during an adaptation and
training period of 3 months before the experiments. The ration offered consisted of (g/d):
500 wheaten chaff, 50 chaffed lucerne hay, 50 dried molasses. Drinking-water was con-
tinuously available. During the pre-experimental period the mean live weights of the
animals decreased initially from approximately 36 kg but stabilized at 33 + 0-9 (SE) kg.

Experimental procedure

Isotope tracers were injected in three separate experiments. During Expt 1, a single intra-
venous injection of [*C]- and ['®*N]Jurea was made into each animal. After 1 week, in
Expt 2, a single intraruminal injection of a mixture of (**NH,),SO,, NaH“CO, and %Cr-
EDTA was made. A 10 d digestibility trial was run starting the day before Expt 1. Approxi-
mately 1 month later, in Expt 3, the estimates of the rates of production of volatile fatty
acids (VFA) in the rumen and methane in the rumen and hind gut were made. Between
Expts 2 and 3, sheep B did not always eat all its ration and this animal was replaced before
Expt 3 by another similar animal (sheep E) which had been maintained under the same
experimental conditions. Another digestibility trial was run over 10 d commencing 1d
before Expt 3.

During each digestibility trial, samples of food offered and food refused (small quantities
occasionally remained uneaten) were obtained daily. A proportion of the daily output of
faeces was dried for 48 h at 70 ° and stored. Urine was collected as it was voided using a
method described by Raabe (1968) and drawn by suction into a vessel containing 20 ml
glacial acetic acid to which mercuric chloride had been added (1 g/1).

Expt 1. Intravenous injections of tracers. Animals were prepared with catheters in both
jugular veins on the day before injection of tracers. [*4Clurea (60 x#Ci; 50 mg) and [*5N]urea
(0-291 mmol N; 96 atoms 9%, excess) were dissolved in 10 ml sterile saline (9 g sodium
chloride/l) and injected via one catheter over a period of approximately o-5 min; blood
samples were then taken into heparinized syringes from the opposite jugular vein catheter
at intervals throughout the next 30 h and urine was collected quantitatively for the next 48 h.

Expt 2. Intraruminal injections of tracers. (**NH,),SO, {1-27 mmol N; g6 atoms %, excess)
and 3 Cr-EDTA (100 #Ci) were injected through the rumen cannula in 35 ml water; several
minutes later, NaH*5CO, (34-3 #Ci; 50 mg) was injected in 50 ml water. Efforts were made
to disperse the tracers throughout the rumen contents by directing the solutions to different
parts of the rumen using a piece of stiff-plastic tubing. Samples of rumen fluid (10 ml)
were taken into 0-2 ml 18 M-sulphuric acid at intervals during the next 27 h.

Expt 3. Intraruminal infusion of tracers. VFA production rates were estimated by means of
tracer-dilution methods and a continuous infusion of [U-Clacetate (0-5 #Ci/ml; 1 zM/ml;
1-2 ml/min) (see Weller et al. 1967). The rates of methane production in the rumen and hind
gut were estimated by tracer-dilution techniques using a continuous infusion of [PH]methane
(1 #Ci/ml; 1-2 ml/min) and the procedures developed by Murray et al. (1976). Methane lost
in flatus was not measured.
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Chemical methods

The specific radioactivity (SR) of blood and rumen CO,-C was determined by the technique
of Leng & Leonard (1965) and of urea-C by the method of Nolan & Leng (1972). The
concentrations of urea in blood and urine were determined using an autoanalyser (Marsh
et al. 1957). Urea in the blood and urine, and NH; in rumen fluid were converted to
(NH,),SO, and enrichment with *N was estimated by mass spectrometry using the pro-
cedures and precautions described by Nolan & Leng (1974).

During Expt 1 difficulties were experienced in obtaining a pure sample of urea-N from
the blood. Recovery of NH,-N by distillation of the protein-free blood plasma filtrate, after
addition of urease, (EFC 3.5.1.5) yielded more N than that present in urea in the blood as
determined by the diacetyl monoxime colorimetric method which is highly specific for urea
(see Marsh et al. 1957). Thus some 20-309%, of non-urea-N was also obtained. Since only
small samples were available, there was insufficient plasma for further analysis. Specific
samples of urea-N were however, more readily obtainable from urine and urea-N enrich-
ments were obtained by analysis of samples collected during the period after ['*N]urea
injection, Before urea-N could be released using urease, it was necessary to remove the urine
preservative, HgCl,, by precipitation with hydrogen sulphide.

Total VFA in rumen fluid was estimated by steam distillation (Annison, 1954) and the
proportions of individual VFA by gas-liquid chromatography (Erwin et al. 1961). The
radioactivity in total VFA was obtained by the methods described by T. J. Kempton &
R. A. Leng (1979, unpublished results).

The total N and energy contents of food, faeces and urine were determined by standard
procedures (Association of Official Agricultural Chemists, 1975).

Calculations

The rate of irreversible loss of urea-C and urea-N. The rate of irreversible loss of urea-C
from the body was calculated from results of the [*C]urea injection experiments by two
methods: (1) using the areas (from o-1600 min) under the curves fitted to the estimates
of plasma urea SR v. time (see White et al. 1969), and (2) by an alternative procedure
using the fraction of the injected [**Clurea dose recovered in urinary urea, and the rate of
urinary urea excretion (Ford & Milligan, 1970), i.e.

rate of urinary urea-C excretion .
proportion of [**Clurea dose recovered in urinary urea

rate of irreversible loss of urea-C =

For reasons described previously, satisfactory estimates of plasma urea-N enrichment
were not obtained following injection of [**N]urea, and therefore the rate of irreversible
loss of urea-N and also the area under the urinary urea enrichment v. time curves were
calculated only by using the latter procedure.

Urea degradation in the gut. The rate of urea degradation throughout the digestive tract
was obtained from the difference between the rate of irreversible loss of urea-C and the
rate of excretion of urea in the urine (Cocimano & Leng, 1967). The rate of urea degradation
in the rumen was determined from the appearance of CO, or '*NH, resulting from
degradation of labelled urea transferred from the blood urea pool. The proportions of C
and N in the secondary compartments (i.e. rumen CO, and rumen NHjy) derived from the
primary compartment (blood urea) were given by values for secondary : primary curve areas
determined over the period 0-1600 min (see Nolan et al. 1976). The rate of degradation
in the post-ruminal parts of the digestive tract was then obtained by difference.

Rumen fermentation and fluid dynamics. Rumen volume and rate of flow of water from the
rumen were determined from the decrease in radioactivity in rumen fluid with the period
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of time after injection of ®:Cr-EDTA (Downes & McDonald, 1964). The *:Cr-EDTA which
was injected in the same solution as the *SNH, was used as a means of correcting for non-
instantaneous mixing of 1®NHj throughout the rumen contents (see Nolan & Leng, 1974).
To allow for the effects of mixing of tracers, 1®NH,-enrichment values for the period during
which 'Cr-EDTA was equilibrating were ignored; the NH,-enrichment curve was fitted
through the later enrichment values and was constrained to have a value at the time of
injection corresponding to the dilution of ®NH, in an NH, compartment with a mass
defined by the product of rumen NH, concentration and rumen volume. The rates of total
flux, irreversible loss and recycling of rumen ammonia NH,;-N were calculated using the
enrichment v. time curves for rumen NH, (Nolan & Leng, 1974). The proportion of rumen
bacterial N derived from rumen NH; during the experiment was given by the secondary:
primary curve area for the period 0-1600 min after injection of (**NH,),SO,.

Measurements of the size of the bicarbonate compartment, and the rates of total flux
and irreversible loss of rumen bicarbonate were obtained by similar procedures except that
it was not possible to allow for non-instantaneous mixing.

The rates of production of VFA were calculated by the methods of Weller et al. (1967)
and of methane in the rumen and hind gut by the method of Murray et al. (1976).

Models of N and C flows. The results from the N and 4C tracer experiments were used
to define, for each animal, a general two-compartment model of N flows into and out of
plasma urea and rumen NH, and also a similar model for C flows into and out of blood
CO, and rumen CO,. The procedures used have been described by Nolan et a/. (1976). In
order to obtain a solution to the C model a value for the proportion of blood urea-C derived
from rumen CO, was needed and a value (359%) obtained in a comparable experiment
(J. V. Nolan, unpublished results) was used.

RESULTS
N and energy status of the sheep

Throughout the experimental periods, the sheep consumed approximately 95%, of the
ration offered. The resulting mean intake of 465 g organic matter (OM)/d provided a total
energy intake of 8-67 MJ/d and 6-2g N/d. The apparent digestibility of N, and also excretion
of total N in urine, measured during Expt 1 are given in Table 1. On average, N retention
was slightly positive (see Table 1). The estimates of apparent digestibility of the dietary
OM from both collection periods were similar, i.e. 052 and 0-50, respectively.

Estimates of the rates of production of acetic, propionic and butyric acids in the rumen
are given in Table 2, together with estimates of the rates of production of methane in the
rumen and in the hind gut. The mean metabolizable energy (ME) intake, calculated from
digestible energy using these estimates of methane production and urinary energy loss was
3:49 MJ/d.

NH, kinetics and water turnover in the rumen
The changes with time interval after injection in radioactivity of *Cr-EDTA and of con-
centration and enrichment of NH,;-N in the rumen fluid and enrichment of rumen bacterial
N and plasma urea-N after injection of a mixture of > Cr-EDTA and (*NH,),SO, are given
in Fig. 1. The nature of the decrease in 'Cr-EDTA concentration in rumen fluid, which
was adequately described by a single exponential function, indicates that both tracers
(**N and %Cr) were quickly dispersed throughout the rumen fluid (in all animals within 1 h)
and that water turnover was constant throughout the experimental period. In contrast
the enrichment in rumen NH;-N with time after the intraruminal injection of 1*NH, was
best described by a curve with two exponential functions (Fig. 1). Estimates of water and
NH, flows out of the rumen based on calculations made from the ®Cr-EDTA results are
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Table 1. Nitrogen intake, apparent N digestibility, N excretion, N balance and live weights of
sheep consuming a low-quality-roughage diet*

Apparent N Urinary N ex- N balance Urine flow-

Sheep Live wt (kg) digestibility cretion (g N/d) (g N/d) rate (1/d)
A 350 051 25 +03 029

B 336 0'49 2:5 +06 041

C 31-8 0-48 2:8 —0°1 038

D 3I°1 046 21 +07 030
Mean 329 0'49 25 +04 035

SE 09 10 014 018 0:030

* For details, see p. 64.

Table 2. Expt 2. Rumen volatile fatty acid production rates (mol/d) and rates of production
of methane in the rumen (mol/d) and the hind gut (mmol/d) of sheep consuming a low-quality-
roughage diet (465 g OM/d)*

Rumen
Sheep Acetate Propionate Butyrate Methane Hind gut methane
A 171 040 0°20 048 22
C 31 034 014 074 93
D 1-31 032 013 0:69 66
E 1-66 039 014 0-84 17
Mean 1°50 036 0’15 069 50
SE o'I1I 0019 0016 0076 18

* For details, see p. 64.

given in Table 3. The rates of total flux and irreversible loss of NH; from the rumen NH,
pool and the proportion of rumen bacterial N derived from rumen NH; during the sampling
period, calculated from the N enrichment values given in Fig. 1, are given in Table 4 (see
Nolan & Leng, 1974).

Rumen bicarbonate kinetics

The compartment size and the rate of irreversible loss of rumen fluid bicarbonate, cal-
culated from the results in Fig. 2, are given in Table 4.

Urea kinetics in the body

There was a decrease in SR of urea-C after intravenous [**CJurea injection into the blood,
and an appearance of H¥COj in the rumen (see Fig. 3). The change in SR of plasma urea-C
with time interval after injection was well described by a curve with two exponential functions,
the first having its main effect during the first 20 min after the injection and the second
in the interval 20~1600 min. This curve indicates that [*C]lurea was distributed at first
through a small compartment and then subsequently through a larger compartment and
that recycling of C from degraded urea was negligible. Estimates of urea compartment
size and the rate of irreversible loss of urea calculated using these plasma urea-C SR values,
are given in Table 5, along with estimates of plasma urea concentrations and the rates of
urea excretion in the urine and urea degradation in the digestive tract.

Enriched NH,-N also entered the rumen after injection of [**Nlurea (see Fig. 3). Experi-
mental values for the enrichment of plasma urea-N corrected for non-urea-N additions,
assuming that this non-specific N was unenriched, are also given in Fig. 3, but these were
not used in any of the calculations (see p. 65). Plasma urea and rumen NHj, concentrations
were reasonably constant through Expt 1 and are also given in Fig. 3.
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Fig. 1. Enrichments (atoms 9%, excess) of rumen ammonia-N (Q), rumen bacterial N (@) and
plasma urea-N (A), and the radioactivity (counts/min per ml(x 107%)) of [*!Cr}]-EDTA (atoms
% excess) in rumen fluid (+ )after a single injection of a solution containing (*NH,),SO, (1-22 mmol
15N) and [**Cr]-EDTA (100 £Ci} into the rumen of a sheep (sheep D) given a low-quality-roughage
diet (for details, see p. 64). Rumen NH; concentrations (mg N/1) (@) during the sampling period
are also given.

Table 3. Expt 2. Water and ammonia flows from the rumen of sheep given a low-quality-
roughage diet*

Water NH;,
Mean

retention Pool Efflux

Volumet Efffuxt timet Concentration sizef in water

Sheep o {/d) @ (mg N/I) (mgN)  (mgN/d)
A 2:9 53 053 58 (027)§ 169 310
B 34 69 050 57 (029) 195 393
C 34 53 063 67 (014) 227 355
D 37 85 043 69 (019) 256 587
Mean 34 65 052 63 212 411
SE 017 077 0042 31 19 61

* For details, see p. 64.

+ Calculated from 3'Cr-EDTA Kkinetics.

1 Calculated as the product of rumen volume (1) and rumen NH; concentration (mg N/1).
§ Coeflicients of variation for fifteen samples taken in Expt. 2.
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Table 4. Expt 1. Kinetics of carbon dioxide and ammonia in the rumen and the percentage of
their carbon and nitrogen derived from degraded plasma urea

Rumen bicarbonate Rumen NH,
[ — N r A N
Percentage Percentage Percentage
Pool Irreversible of bicarbon-  Total Irreversible of NH,-N  of bacterial-
Sheep size loss ate-C from flux loss from plasma N from
=0 (gC/d) plasmaurea (gN/d) (g N/d) urea NH,
A 16 43 20 64 31 54 68
B 12 46 20 90 43 62 66
C 15 41 s 92 36 39 64
D 16 47 23 81 28 64 51
Mean I's 44 .20 82 35 55 62
SE 0'09 14 017 06 033 57 3-8
1000
o 100 R
5
2
: o\
£ o
g 10} \(
2 [ 3
g N
1%} \
&
g 10} \o\
w
O\.
~—e
01 i1 1 .Y
4} 400 800 1200 1600

Period after injection {min)

Fig. 2. Specific radioactivity (#Ci/g carbon) of rumen bicarbonate-C (@) after a single injection of
H*COj (343 #Ci) into the rumen of a sheep (sheep D) given a low-quality-roughage diet (for details,
see p. 64).

The values for percentage recovery of the intravenously injected urea tracers are given in
Table 6. The percentage of the 1*N from the ['5NJurea recovered in urinary urea during
the 2 d after administration (32:4%) was greater than the percentage of the “C from
[14CJurea (23-6%). The mean rate of irreversible loss of urea-N during this period (4-7 g
N/d) calculated from ['*Nlurea recovery in the urine was therefore significantly lower
(P < 0-05; one-tail, paired ¢ test) than that calculated in the same way from the [“Clurea
recovery (2-4 g C/d, equivalent to 5-7 g N/d) (see Table 6).

The mean rate of irreversible loss of urea, calculated from the [“*Clurea tracer results
and the blood urea SR v. time curves (Table 5), was not significantly different (paired ¢
test) from that estimated using the urinary [**Clurea recovery procedure (Table 6).

Models of C and N flows in the body

A general, two-compartment model, based on sets of “C results for each of four sheep,
and describing the C flows into and out of the blood urea and rumen CO, compartments
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Fig. 3. Enrichments (atoms % excess) of plasma urea-nitrogen (A), rumen ammonia-N (O) and
rumen bacteria N (@)and the specific radioactivity (uCi/g carbon) of plasma urea-C (A) and rumen
bicarbonate-C (O) after simultaneous single injections of {**Nlurea (0-279 mmol '*N} and [*Clurea
(60 uCi) into the blood of a sheep (sheep D) given a low-quality-roughage diet. The concentrations
(mg N/1) of plasma urea (&) and the rumen ammonia (@) during the period of sampling are also

given.
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Table 5. Plasma urea concentration and the rate of synthesis of urea in the body and its
excretion in urine or degradation in the digestive tract in sheep given a low-quality-roughage
diet* .

{The measurements were made by means of a single intravenous injection of [*CJurea)

Plasma ‘Pool’ Space Synthesis Urinary Degradation
concentration sizet (% live- ratet excretion rated
Sheep (mg N/I) &N) wt) (g N/d) eN/d) N/

A 50 (0" 19)l| o-85 50 47 Il 36
B 59 (0'12) o7 53 55 I3 42
C 66 (0-9) 1-06 52 47 I'5 31
D 113 (0°15) 1475 50 62 10 52
Mean 72 1-18 51 53 12 40
SE 14 020 075 036 o111 0'45

¥ For details, see p. 64.

1 Calculated from the intercept value of the second term in a two-exponential fit to the experimental
results for urea SR with time interval after [**Clurea injection.

t The rate of irreversible loss of urea-C from the plasma, assuming that re-incorporation of urea-C after
urea degradation is negligible.

§ Calculated as urea synthesis rate minus urea excretion rate.

Il Coefficients of variation for fifteen samples taken during the 1600 min after [“Clurea injection.

Table 6. Estimates of the rates of irreversible loss of urea-C and urea-N from the body urea
pool of sheep given a low-quality-roughage diet*

(The estimates were made using concurrent single injections of [*C] and [**N] urea into the
blood and subsequent recovery of these tracers in the urine)

Recovery in urine (% injected dose)
A

Time interval [“Clurea [**Nlurea Rate of irreversible loss of ureat
after — —A Y r~ —A— N r~ —A )
injection (h)... 24 48 24 48 [}4Clurea [**N]urea
Sheep (g C/d) (gN/d)
A 236 o8 306 44 20 (4D} 36
B 29-2 04 363 41 9 (4'5) 36
C 262 07 310 40 2’5 (57) 48
D 12-8 — 150 — 33 (7-8) 67
Mean 230 06 282 42 24 (57) 47
SE 36 012 46 012 0°32 (0°76) 073

* For details, see p. 64.

+ Calculated as the rate of urinary urea excretion (g N/24 h) divided by the fraction of [*C] or [**N]urea
recovered in the urine in 24 h.

1 Units of g N/d to allow direct comparison with estimates of rate of irreversible loss of urea based on
specific radioactivity of plasma urea C, see Table 5.

and movements of C between them is given in Fig. 4a. A similar model of N flows with
respect to blood urea and rumen ammonia is given in Fig. 4.

DISCUSSION

The daily ration given to the sheep (18-5 g digestible OM /live weight®”) was barely sufficient
for maintenance. However, the live weights remained constant for the last two months of
the pre-experimental period and during the experiments, having decreased from 36 to 33 kg
when the animals were first changed to the diet. The intakes of ME and apparently digestible
crude protein (N x 6:25) were respectively only 76 and 669, of the minimum maintenance
allowances suggested by the Agricultural Research Council (1965) for non-pregnant, non-
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Fig. 4. Two compartment models of (a) urea-carbon and (4) urea-nitrogen movement in sheep given
a low-quality-roughage diet (for details, see p. 64). Mean values (+sg) (g C/d; g N/d) were
obtained by averaging results from each of four animals.

lactating sheep of this live weight living indoors, indicating that these Merino sheep made
particularly efficient use of the dietary nutrients available to them.

Assuming that the fermentation in the rumen conformed to the stoichiometry of Leng
(1973), then 1-1 mol hexose were required daily to give rise to the measured rate of VFA
production. If all the digestible OM in the ration is considered to be potentially hexose
(162 g OM/mol) in the rumen, then approximately 759, of the OM apparently digested
was fermented in the rumen. Assuming the same stoichiometry, the ATP derived during the
fermentation would have permitted a net growth of 44 g (dry) microbial cells, and utilized
44 g N/d (Leng, 1973). The latter value is similar to that obtained using the formula,
RDN = 1-29 Mg, where RDN (g N/d) is the amount of microbial N flowing out of the
rumen, and ME is in MJ/d (see Roy et al. 1977). This estimate of net microbial N incor-
poration is used later in deriving a quantitative model of rumen N transactions in these
animals.

The value for methane production (0'5 mol/d) predicted from the stoichiometry of
Hungate (1966) is lower than that observed (0-7 mol/d). The similarly predicted rumen CO,
production during fermentation represents approximately 309, of the bicarbonate entering
the rumen bicarbonate pool; the rest was apparently transferred from the blood (see Fig. 44).

Steady-state in the animals

A good approximation to the steady-state conditions necessary for the tracer methods used
here was obtained, as was indicated by the regular food intake and fairly constant con-
centrations of urea in the plasma and NH, in the rumen fluid throughout the experiments
(see Figs 1 and 2). Moreover, the results given in Fig. 1 indicate that, in general 5:Cr-EDTA
(and therefore, 1>NH,) were mixed well in the rumen fluid within 60 min, and also that the
rate of outflow of rumen fluid was constant during the sampling period. The measurements
of 1NH, kinetics in the rumen were not therefore confounded by non-steady-state water
turnover. Constancy of faecal and urinary outputs during the digestibility trials and the
similarities between concentrations of plasma urea and rumen NH; between the same
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animals in different experiments, add confidence to the necessary assumption that between-
day variations in metabolism were minimal.

The results are based on the isotope-tracer curves from 0-1600 min after injection of the
tracers. Accordingly, the results are mainly applicable to body compartments that have
relatively fast turnover. Other compartments, for example muscle protein, act as almost
total sinks for 1°N during the relatively short experimental period. Estimated losses from
both NH;and plasma urea compartments include traced N entering these sinks as well as that
leaving the body in urine or faeces (see Fig. 4). In all relatively short-term tracer experi-
ments the rate of irreversible loss of any traced substance from the primary compartment
is therefore likely to be somewhat over-estimated (see Nolan, 1975), although this would
not have affected to any appreciable extent the interpretations drawn from the present
results.

Comparison of methods for estimating rates of irreverisble loss of urea

Two methods, based on the intravenous injection of [**C]Jurea, were used to estimate the
rate of irreversible loss of urea from plasma (i.e. urea synthesis rate, see Nolan & Leng,
1974). The estimate based on the proportion of the [“Clurea dose excreted in the urine
(see Ford & Milligan, 1970) did not differ significantly from that obtained using the area
under the plasma urea SR curve (see Cocimano & Leng, 1967). However, the nature of the
calculations with the urinary [**ClJurea recovery method is such that small analytical errors,
or errors due to incomplete collection of urinary urea are magnified in the estimated urea
synthesis rate. The error would always be greater when only a small proportion of the urea
synthesized in the body is excreted as occurred in the present experiments. For this reason
bladder catheterization or an efficient method of urine collection such as the one described
by Raabe (1968) and used in this study, is needed in order to obtain complete recovery of
urinary urea.

Because there were problems associated with the estimates of enrichment of urea-N in
the blood, and because either plasma or urinary samples gave similar estimates of urea
synthesis rate with [**C]urea, only the urinary urea recovery method was used as a means
of analyzing the results of the experiment in which ['*N]Jurea was injected. When plasma
samples were analysed by methods used previously to isolate urea-N from the blood of
sheep given diets of lucerne chaff (Nolan & Leng, 1972), non-urea-N was also obtained in
sufficient quantities to give a highly significant errcr in the urea-N enrichment values.
Small quantities of non-urea-N are probably always obtained when urea-N is isolated by
the procedures suggested by Nolan & Leng, (1972) but when blood urea concentrations are
relatively high (for example, > 200 mg N/1, as is common in sheep given medium-quality
rations), the non-specific N represents a negligible proportion of the total N isolated. When
blood urea concentrations are relatively low, as in the present experiments (72 mg N/1),
the higher proportion of non-urea-N could lead to serious errors in the estimation of the
compartment size and rate of irreversible loss of urea. Moreover, in studies in which low
plasma urea concentrations occur and urea enrichment values are underestimated, the extent
of transfer of blood urea to the rumen (which is a function of the areas under rumen CO,-C
and plasma or urinary urea-C enrichment curves) could be seriously over-estimated.

Transfer of urea to the digestive tract

A variety of in vitro and in vivo methods have been used in order to obtain estimates of the
extent of endogenous urea movement into the digestive tract of ruminants, e.g. tissue
preparations, saline-filled pouches, and urea loading and tracer techniques. The tracer
methods have the advantage that they provide the only means of making these measurements
in conscious animals that are relatively undisturbed and feeding normally. Estimates of the
amount of urea transferred from the blood to the whole digestive tract have been made with
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the use of [**C]urea, for example, by Decker et al. (1961) and Engelhardt & Nickel (1965)
in goats, and by Cocimano & Leng (1967) in sheep. In general, the estimates of the rates of
urea synthesis, excretion and transfer to the whole digestive tract obtained in the present
study are in accord with those obtained previously by this technique in sheep given low N
diets (Cocimano & Leng, 1967). A higher percentage of plasma urea-N was retained by the
sheep given the low N diet in this study (76 %,, see Table 6) than by sheep given a higher N diet
(59%, see Nolan & Leng, 1972) and these findings are in close agreement with those obtained
using °N by Boda & Havassy (1974).

In contrast to studies of urea degradation in the whole digestive tract, there are only a
few experiments reported in which intravenously administered [*C)urea has been used as
a means of estimating the rate.of transfer of urea specifically to the rumen (MacRae et al.
1977; Norton et al. 1978) and none where its use has been checked simultaneously against
the use of [**N]urea. It is important to be able to differentiate the amount of urea entering
the rumen per se, from the urea degraded in the intestines (Thornton, 1970; Engelhardt
& Hinderer, 1976; Nolan et al. 1976) as only urea transferred to the rumen is re-used for
synthesis (by micro-organisms) of essential amino acids that are likely to be absorbed. A
knowledge of the amounts of urea entering different parts of the digestive tract is also needed
for any discussion of the ‘control’ of urea movement, since it seems unlikely that any one
physiological process would apply to all the different routes of entry to the digestive tract.

In the present study, information on N transactions between the body and the rumen
was obtained either by using ['’N]- or [“Clurea. A quantitative two-pool model of N flows
was obtained for each animal by solving sets of simultaneous equations obtained using the
values from both the intravenous and intraruminal 5N tracer experiments {see Nolan et al.
1976). Averaging the individual model values gave the model in Fig. 4b. It should be stressed
that combining results for different days could introduce some error, although these animals
were apparently in ‘steady-state’ as discussed above. A similar procedure was used to
obtain a two-pool model based on the results from the ¥C-labelled tracers (Fig. 4a). In
order to solve the latter model a value for the precentage of blood urea-C derived from
rumen bicarbonate was needed and a value (35%) obtained in a comparable experiment
(J. V. Nolan, unpublished results) was used. To obtain realistic standard errors in the
model solutions, this value was assumed to have a coeflicient of variation of 0-4. The
astimated transfer of plasma urea to rumen NH, was, however, relatively insensitive to
variations in this value.

Although the pathways of urea transfer from the blood to the rumen given in Fig. 44, b
are mainly indicative of urea that is transferred directly and degraded, small amounts of
urea-C and urea-N that are recycled to the rumen pools after post-ruminal degradation are
also included. Although the direct route would be similarly estimated by either [“C] or
[t5N]urea, different amounts of C and N transferred by indirect routes could be expected
to result in small differences between the estimated total flows of urea-C and urea-N. Never-
theless, the mean values obtained by either method were not significantly different (Table ).

The validity of the results obtained with both tracer methods depends on a basic assump-
tion that the 15NH, and *CO, from labelled urea transferred in the saliva or through the
rumen wall are rapidly distributed throughout the rumen, such that samples taken from an
indwelling probe are representative of all the rumen contents. Significant errors could occur
if the transit of 1*NH, between the point of entry to the rumen and the sampling site were
prolonged sufficiently for a declining enrichment gradient to be maintained in this region;
this could result in preferential utilization of **NH, by the micro-organisms more distant
from the sampling site and also, as suggested by Allen & Miller (1976), preferential reab-
sorption of NH,. That this was not a serious problem in this study is indicated by the
rapid labelling of NH,; and CO, at the sampling site, reaching near-maximum values less
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than 20 min after intravenous tracer injection (see Fig. 3). Also if mixing cycles in the rumen
were slow or erratic, marked variability in the tracer dilution curves could occur, particularly
in the period after tracer administration while equilibration is occurring. However, *1Cr-
EDTA administered into the rumen was rapidly distributed (Fig. 1) indicating that the
contents were efficiently mixed in these animals. Furthermore, the variability during the
early period of *NH, and 4CO, appearance after intravenous [**C]- and [**N]urea admini-
stration was no greater than at any other time during the experiments, again suggesting that
the contents were homogenous (i.e. well-mixed). In addition, the values for area under the
rumen microbial curves: area under the rumen N enrichment curves were similar, irres-
pective of whether 1NH; was injected directly into the rumen contents, or entered indirectly
from the blood via the saliva or the rumen wall. This suggests that the intravenously admini-
stered tracers entering the rumen via the normal routes of transfer from the body were
kinetically indistinguishable from those administered to the rumen.

The similarity of the results obtained by either technique also provides reason for con-
fidence in these results. The two techniques involve kinetically different systems since the
rates of turnover of NH; and CO, in the rumen are quite different, as are the percentages of
Nor Cin each derived from endogenous urea (NH; 55%, ; ¢f. CO, 2%,). Furthermore, there
is extensive use of NH; by micro-organisms whilst their utilization of CO, is minimal.

In the sheep on the low-quality-roughage diet used in these experiments, the mean
estimate of endogenous urea degradation in the rumen, 2-3 g N/d, represented 589, of
urea degradation in all parts of the digestive tract and was an appreciable input in relation
to the NH; available from other sources in the rumen (6-1 g N/d; Fig. 5). In a comparable
study, MacRae e al. (1977) used infusions of [1*Clurea (intravenously) and H*COj (intra-
ruminally) to estimate the amounts of blood urea-C entering the rumen bicarbonate pool
in nine Scottish Blackface wethers given low-quality, freeze-stored grasses (450 g OM/d).
These workers estimated that the rate of transfer of blood urea to the rumen was between
0.9 and 11 g N/d. Using the same technique, Norton ez al. (1978) estimated that 06 g
urea N/d entered the rumen of sheep given low-quality, native forages. In both studies
the amounts of urea entering could be accounted for by postulating a daily secretion of
10-201 saliva with a urea concentration 50-70%, of that present in the blood. Although
urea can enter the rumen via the wall (Houpt, 1957; Simonnet ez al. 1957), it seems probable
that, in sheep given these low-quality-roughage diets, the amounts of urea entering this way
were negligible. A similar conclusion was reached by Chalmers et al. (1976) after analysing
the results of forty-three of their experiments with sheep (diets were not specified) in which
urea concentration was estimated in blood entering and leaving the rumen vascular system.
In contrast to these conclusions, however, the entry of urea to the rumen in the present study
(Fig. 4) cannot readily be accounted for by salivary secretions alone and there are also
numerous suggestions that the total transfer of endogenous urea to the rumen can be much
higher than values discussed so far. The values obtained by Kennedy & Milligan (1978)
using 15N techniques similar to those used in the present study are particularly pertinent.
In sheep (50-65 kg) given brome grass (Bromus inermis) (700-1400 g OM/d) these workers
found that 6-10 g urea-N/d entered the rumen. In a preliminary report of tracer studies
with a sheep give a synthetic, N-free basal diet, plus 300 g sucrose, Potthast et al. (1977)
also calculated that 9-5g urea-N/d entered the forestomachs. Without the infusion of
sucrose, entry of urea was only 2:2 g N/d.

Whether urea transfer is ‘controlled’ to the animal’s advantage is still not clear and the
reasons for the differences in various studies between the quantities of endogenous urea
entering by passage through the rumen wall and the physiological processes involved are
still uncertain. When Houpt (1970) reviewed this topic, the question, which still has not
been resolved, was whether passage was by simple diffusion, as suggested by Engelhardt &
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Fig. 5. A model of nitrogen flows in the rumen (g N /d) of Merino sheep given a low-quality-roughage
diet (for details, see p. 64).

Nickel (1965) and Juhdsz (1965), or by a carrier system, as proposed by Decker et al. (1961)
and Gartner (1962). Houpt (1970) presented a ‘working’ hypothesis in which the cornified
layers of the epithelium were considered to be a major barrier to urea movement but a lesser
barrier to ammonia. He suggested that the movement of urea into the rumen was facilitated
by presence of bacterial urease within the cornified layers where urea degradation resulted
in ammonia accumulation. From this region ammonia diffused into the rumen or towards
the blood according to the ammonia gradient which was a function of rumen ammonia
concentration. Other workers had also suggested that rumen ammonia concentration might
be an important controlling factor (Varady et al. 1967; Thornton, 1970) and Kennedy &
Milligan (1978) obtained an inverse relationship between the estimated transfer of urea to
the rumen and the corresponding rumen ammonia concentration. However, the relationship
does not explain the estimated urea movement in the present study and therefore factors
other than rumen ammonia concentration are involved in the modulation of endogenous
urea movement into the rumen. Briefly, some of these factors may be as follows.

The quantity of urea entering the temporarily isolated rumen of the cow increased up to
threefold when CO, was bubbled into the rumen contents (Thorlacius et al. 1971) and it
also increased when the total VFA or butyric acid concentration was increased in a test
solution of unspecified composition in a similar rumen preparation in the liama (Hinderer
& Engelhardt, 1976). These findings imply that urea movement into the rumen may be
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facilitated during periods of increased fermentative activity when NH, is more likely to
limit microbial growth. Dobson et al. (1971) studied the possible connexion between urea
entry and blood flow in the rumen vessels but were unable to demonstrate that the two
factors were related. Finally it may be worthwhile to re-iterate a fact stressed by Chalmers
et al. (1976), i.e. that urea is present in ail body fluids. With this in mind, Nolan et al. (1976)
postulated that urea would enter the digestive tract wherever fluids are secreted. It follows
that any changes in the rate of water movement through the rumen epithelium in response
to feeding, changes in osmotic pressure, or hormonal and other influences could also affect
the amounts of endogenous urea transferred.

Although many physiological questions concerning urea recycling to the rumen remain
unanswered, this topic also needs to be viewed in practical perspective, especially when
formulating diets (see, for example, Roy et al. 1977). Recycling of urea is of importance
only if ammonia limits fermentation and growth of micro-organisms in the rumen; the
amount of endogenous N recycled then correspondingly reduces the amount of extra dietary
N needed to correct the deficiency. Such a deficiency is most likely to occur when the rumen
fermentable dietary N:rumen fermentable OM ratio is low, as occurs with low quality
forages and starch- or sugar-based concentrates. In spite of urea recycling (via saliva and
the rumen wall) and in spite of any ‘controls’ that may exist, microbial growth is, at times,
limited by ammonia deficiency (Gillette, 1967; Satter & Slyter, 1974). The relatively low values
for recycling obtained in the present study and in the studies of MacRae et al. (1977) and
Norton et al. (1978) help to explain why the N deficiency in the rumen occurs. In pen-feeding
situations, this deficiency occurs frequently, and there is an extensive literature (for review,
see Helmer & Bartley, 1971) which demonstrates that responses in feed intake, N balance
and animal growth are obtainable when extra urea is provided in the diet. The fact that
dietary urea requirements are normally calculated accordingtothe theoretical N requirements
for rumen micro-organisms, without corrections for recycled N, also suggests that, in prac-
tical-feeding terms, the contribution of recycled urea is minimal.

Ammonia kinetics in the rumen

The rate of total flux of NHj; through the rumen pool (8-2 g N/d) was high relative to the
irreversible loss (3-5 g N/d) indicating that recycling of N, either within, or to and from the
rumen in these sheep was considerable (4-7 g N/d). Part of the recycling of rumen 15NHz-N
occurred via pools outside the rumen. The principal route of recycling would have been via
plasma urea, and its transfer to the rumen was responsible for re-entry of 239, of the
15N originally injected into the rumen (calculated from the measured transfer (2:1 g N/d,
Fig. 4a) and its mean N enrichment). A small quantity was presumably also recycled
external to the rumen in other endogenous inputs, e.g. salivary proteins and sloughed
epithelial cells. However, these latter inputs could not have accounted for all of the re-
maining recycled N, 4-7—09 = 3-8 g N/d, most of which must have been recycled within
the rumen itself. These results indicate that the total incorporation of N into microbes may
be more than twice the microbial N outflow from the rumen, suggesting that there was
considerable turnover of micro-organisms within the rumen under the conditions of this
study (see later, Fig. 5).

An estimate of NH, absorption from the rumen was obtained by consideration of the
flows of 15N into and out of the rumen. An example of the calculations for one animal
(sheep A) is as follows. The inputs of **NH, to the rumen (total 1-50 mmol !*N) were made
up of the single injection dose (1.-22 mmol) and the *5N recycled in endogenous materials,
principally urea (0-28 mmol), the latter being calculated from a knowledge of the endogenous
urea transfer to the rumen (Fig. 4) and its mean 5N content during the 24 h after injection
(as defined by the mean urinary urea enrichment during this 24 h). In a steady-state the
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inputs of *N to the rumen must be balanced by the outputs, namely *N flowing out of the
forestomachs in digesta or being directly absorbed, presumably in the form of NHj.
Assuming that the principal losses of 15N in digesta occurred either in NH, or in microbial
materials, and that the latter had the same N enrichment as isolated rumen bacteria, the
flow of 15N in both fractions was given by the product of their N flow-rates and corres-
ponding N enrichments (total 1-28 mmol 1N). If the remaining **N loss (0-22 mmol)
was by absorption of NH,;-N of known mean enrichment (5-51 mmol *N/mol N), the
quantity absorbed was therefore 40 mmol N/d, i.e. 0-6 g N/d. The mean value for the four
sheep calculated individually in the same way was 1-2 £0-3 sE g N/d. NH, absorption of
this magnitude is notable in view of the relatively low concentrations of NH, in the rumen
(mean 63 mg N/I).

A rumen model of N flows

In a similar report of studies of the dynamics of N metabolism in sheep (Nolan & Leng,
1972), a model of the flows of N through pools in the rumen of sheep given lucerne chaff
was proposed. A comparable model describing the flows of N through the rumens of the
sheep given the low-quality diet in the present study is given in Fig. 5.

The following information was used to obtain the values given in the model which are
mean values for the four sheep in Expt 1: (1) dietary N input = 6-2 g N/d; (2) total flux
of rumen ammonia = 82 g N/d (Table 5); (3) recycling of NH-N within the rumen =
3-8 g N/d (see p. 72); (4) transfer of urea from the blood = 21 g N/d (Fig. 44a); (5) the
proportion of microbial N derived from rumen NH; = 629, (Table 5); (6) the net outflow
of microbial N = 4-4 g N/d (see p. 72); (7) the net outflow of NH,-N in rumen fluid
= 04 g N/d (Table 4); and (8) the values not yet defined were obtained on the basis that,
in steady-state, inputs equal outputs for each pool.

The estimated total entry of NH; into the rumen NHj pool is made up of 2:1 g N/d
from blood urea and a further 6-1 g N/d which must have been derived from the peptide
amino acid pool. If the NH; pool was in steady state, 6-6 g N/d left the NH, pool and entered
the microbial pool and the net flow from the microbial pool to the peptide-amino acid pool,
needed to balance the microbial pool, was therefore 2:2 g N/d. With the knowledge of the
mean enrichments in the NH; and microbial pools, it is now theoretically possible to
calculate the mean enrichment that occurred in the peptide-amino acid pool, by solving
simultaneous equations describing total N and 15N balances in the pools, and also to obtain
the flows in both directions between the peptide-amino acid pool and the microbial pool.
However this calculation indicates that the enrichment in the peptide-amino acid pool was
similar to that in the microbial pool, implying that the flow of microbial N into the peptide-
amino acid pool was of considerable magnitude in relation to the 3-9 g N/d of unlabelled
N derived from dietary materials, However, because this pool was not sampled, and the
model may be over-simplified, it did not seem advisable to give the values for flow (A) or
the reverse flow (A —2-2 g N/d). Nevertheless a minimum value for the flow of N from the
microbial pool to the peptide-amino acid pool (A) is given by the figure (3-8 g N/d) for
cyclingof NH;-N within therumen ; the true value of A would be considerably greater than this.

There are several important points that arise from the model results: (1) the total incor-
poration of N into microbial cells in the rumen is almost twice the outflow of microbial N,
emphasizing the extensive turnover of microbial N that occurred in the rumen; (2) 349% of
the microbial N was derived from nitrogenous compounds more complex than NH,
presumably mainly peptides and amino acids; and (3) the amount of NH; absorbed was
considerable despite quite low concentrations of NH, in rumen fluid (63 mg N/I).

It should be noted that an endogenous non-urea-N input has not been considered in the
calculations, but the principal effect on the model of a quantitatively significant endogenous
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N input would be to increase the estimated flow from the rumen of non-degraded N by a
similar amount. This is not intended to imply that endogenous non-urea inputs to the rumen
are insignificant; indeed, MacRae et al. (1977) suggest that the N transferred in non-urea
forms may exceed that transferred as urea and results from this laboratory support that
view (Leng & Murray, 1972; Nolan, 1975).
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