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Effects of nitrogen underfeeding and energy source on nitrogen ruminal

metabolism, digestion, and nitrogen partitioning in dairy cows

1

A. Fanchone,? P. Noziére,3 J. Portelli, B. Duriot, V. Largeau, and M. Doreau

INRA/VetAgro Sup, UMR1213 Herbivore Research Unit, 63122 Saint-Geneés Champanelle, France

ABSTRACT: This work aimed to investigate the effects
of 2 levels of N (low or high) and 2 energy sources
(starch or fiber) on N partitioning, N ruminal metabo-
lism, and digestion in dairy cows. Four Holstein cows
were used in a 4 x 4 Latin square design. The 4 cows
(on average, 662 + 62 kg and at 71 + 10 d in milk at
the beginning of the experiment) were fitted with rumen,
proximal duodenum, and terminal ileum cannula. The
cows received 4 diets having the same forage proportion
on a DM basis. The high level of N supply met 110% of
the protein requirements of cows with an adequate supply
in rumen-degradable N. The low level covered 80% of
these requirements with a shortage in rumen-degradable
N. Energy sources differed by their nature (i.e., starch
from barley, corn, and wheat or fiber from soybean hulls
and dehydrated beet pulp). Duodenal digesta flow was
determined using YbCly as a marker. Microbial duode-
nal N flow was determined using purine and pyrimidine
bases as markers from liquid-associated bacteria and
mixed bacteria samples. Microbial N flow and efficiency
of microbial protein synthesis, calculated using mixed
bacteria as a reference microbial sample, were not sig-
nificantly modified by the N level (P = 0.19 and 0.29,

respectively) and the energy source of the diet (P =0.11
and 0.08, respectively). Total tract apparent digestibility
of OM and total tact digestibility of NDF were lower at
the low N level (P =0.006 and 0.007, respectively). Total
tract apparent digestibility of OM tended to be greater
(P = 0.08) with high-starch diets than with high-fiber
diets. Total tact digestibility of NDF was greater (P <
0.001) with high-fiber diets than with high-starch diets.
Duodenal N flow was less (P =0.001) at the low N level
than high N level and tended to be greater (P = 0.06)
with high-starch diets than with high-fiber diets. Daily
output of N in urine was less (P < 0.001) at the low N
level than at the high N level. Daily output of N in feces
did not differ between low and high N levels (P = 0.24)
and between high-starch and high-fiber diets (P = 0.17).
Milk yield and protein yield were less (P = 0.002 and P=
0.013, respectively) at the low N level than at the high N
level. Milk fat yield tended to be less (P = 0.09) at the
low N level than at the high N level and with high-starch
than with high-fiber diets (P = 0.06). In conclusion, a
large reduction in dietary N led to reduced N excretion in
urine and decreased milk production but did not affect N
excretion in feces or microbial protein synthesis.
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INTRODUCTION

There is increasing concern over the role of live-
stock farming in environmental issues (Steinfeld et al.,
2006). In dairy cows, N losses in feces and urine are
a major cause of N pollution (Tamminga, 1992). De-
creasing dictary N intake by dairy cows is one strategy
for reducing N output in urine (Huhtanen and Hristov,
2009; Agle et al., 2010) or feces or both (Kebreab et
al., 2001; Cyriac et al., 2008) but is only viable if it
does not significantly impair animal performance. One
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way forward would be to improve the efficiency of di-
etary N utilization (Calsamiglia et al., 2010). Nitrogen
metabolism in the rumen, which has been identified as
the major factor driving the efficiency of N utilization
by ruminants (Tamminga, 1992), is divided into 2 main
events: dietary protein degradation and microbial pro-
tein synthesis (Bach et al., 2005). It is well known that N
from dietary protein degradation and ammonia recycling
through the gut are the 2 sources of N for microbial syn-
thesis [Institut National de la Recherche Agronomique
(INRA), 2007]. Thus, a severe shortage in rumen-de-
gradable N may affect negatively both microbial growth
and efficiency (Reynal and Broderick, 2005).

Otherwise, the nature of the dietary energy supply may
affect rumen degradability and the rate of ruminal fermen-
tation (Sauvant and Van Milgen, 1995; Hristov and Jouany,
2005) and interact with protein digestion and metabolism
(Firkins, 1996). In addition, microbial N synthesis may de-
pend on the nature of the bacterial ecosystem, which dif-
fers according to the energy source (Belanche et al., 2012).

To our knowledge, information on the effects of a
very low dietary CP content in interaction with the en-
ergy source on N ruminal metabolism, digestion, and N
partitioning in dairy cows is very scarce. Our hypoth-
esis was that microbial protein synthesis would compen-
sate for a decrease in dietary N supply, especially when
starch was used as the energy source in the diet.

MATERIALS AND METHODS

Care and use of animals were performed in accor-
dance with national legislation issued by the French min-
istry in charge of agriculture (Ministeére de I’ Alimentation,
de I’Agriculture et de la Péche, 2009) and international
recommendations (Canadian Council on Animal Care,
1993) on the care and use of laboratory animals.

Cows, Experimental Design, and Diets

This study used 4 Holstein cows weighing on aver-
age 662 (£62) kg at 71 (£10) d of lactation at the begin-
ning of the experiment (d 1 of the first period). The cows
were fitted with permanent ruminal cannulas made of
polyamide—polyvinyl chloride (Synthesia, Nogent-sur-
Marne, France) and T-shaped cannulas made of plastisol
(Synthesia) with a gutter-type base placed at the proximal
duodenum before bile duct entrance and at the terminal
ileum. Surgery was performed under general anesthesia
(Isoflurane, ICIU Pharma-vétérinaire, Paris, France). The
cows were penned in individual stalls. Four dietary treat-
ments were applied to the cows during 4 successive peri-
ods in a 4 x 4 Latin square design. Each experimental pe-
riod lasted 28 d and consisted of 22 d of adaptation to the
diet and 6 d of measurements. Treatments were 2 levels
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of N and 2 energy sources. The high level of N met 110%
of protein requirements of cows expressed in the French
protein digestible in the intestine system (INRA, 2007),
whereas the low level covered 80% of these requirements,
with a shortage in rumen-degradable N. According to cal-
culations based on NRC (2001), the high level of N cov-
ered 106%, 120%, and 97% of MP, RDP, and RUP cow
requirements, respectively, whereas the low levels of N
covered 95%, 93%, and 75% of MP, RDP, and RUP cow
requirements, respectively. The difference between the 2
energy sources was based on the nature of concentrate
(i.e., rich in starch or rich in fiber). The ingredients and
chemical composition of the experimental diets are given
in Table 1. The 4 diets had the same proportion of forage
on a DM basis. At the high N level, the N supply was
mainly based on soybean meal and urea. In high-starch
diets, the cereal-based concentrate was made with 39%
barley, 46% wheat, and 15% corn mixture. In high-fiber
diets, the concentrate was made with a mixture of soy-
bean hulls and dehydrated beet pulp. To avoid any effect
of intake level on digestion, animals were fed restricted
amounts based on 95% of voluntary intake. Voluntary
intake was measured at the beginning of the experiment
and adjusted to cow NE theoretical requirements (INRA,
2007) at the beginning of each experimental period. Av-
erage feed intake (mean of the 4 cows for the same diet)
was the same among diets. The diet was distributed as
total mixed ration twice daily at 0900 (60% of the diet)
and 1700 h (40% of the diet). These proportions (60:40)
were retained to ensure that cows were not limited during
the day and are based on previous observations of cow
feeding behavior (Doreau and Rémond, 1982). Water was
provided ad libitum. For each treatment, 200 g of mineral-
vitamin supplement was provided daily, added to the total
mixed ration.

Measurements, Sampling, and Analyses

Feed Intake. Each diet ingredient was weighed in-
dividually before distribution as a total mixed ration. In-
take was recorded by weighing amount of feed offered
and refused daily for individual cows on d 22 to 28. To
calculate feed intake, the DM content of each diet in-
gredient was determined (24 h in a 103°C forced-air dry
oven) ond 22 and 25. A 100-g sample of each ingredient
of the diet was collected daily from d 24 to 28 for analy-
sis of chemical composition. When refusals exceeded 1
kg, they were analyzed (DM and chemical composition)
to correct diet nutrient intakes. The DM content of re-
fusals (when exceeding 1 kg) was determined (24 h in
a 103°C forced-air dry oven), and a 100-g sample was
collected for analysis of chemical composition. Samples
of corn silage and refusals (when exceeding 1 kg) were
stored at —20°C, whereas samples of other ingredients
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Table 1. Ingredient, chemical composition, and nutritive
value of the diets fed to dairy cows receiving high-starch
or high-fiber concentrate at a low or high N level

Low N High N
Item Starch  Fiber Starch  Fiber
Ingredients,! % DM
Corn silage 40.5 40.5 40.5 40.5
Hay 10.0 10.0 10.0 10.0
Dehydrated alfalfa 9.0 9.0 9.0 9.0
Molassed chopped wheat straw 6.3 0 5.2 0
Cereal-based concentrate? 30.6 0 243 0
Soybean hulls 0 31.0 0 224
Dehydrated beet pulp 0 9.0 0 9.0
Soybean meal 3.6 0 10.8 8.6
Urea 0 0.5 0.2 0.5
Chemical composition, % DM
oM 943 93.3 93.8 93.0
NDF 36.2 50.7 36.1 47.1
ADF 18.8 30.7 18.4 27.4
CP 11.0 11.1 14.2 14.4
Starch 324 15.1 29.0 153
Nutritive value
NE,, kJ/kg DM 6683 6535 6753 6650
PDIE,? g/lkg DM 87 87 99 100
PDIN,* g/lkg DM* 71 70 96 97
RDP,’ g/kg DM 74 76 98 97
RUP,S g/kg DM 36 39 46 50
MP; g/kg DM 88 84 97 96

Each diet received 200 g of a vitamin and trace element premix: 4.5% P,
20% Ca, 4.5% Mg, 5% Na, 400,000 Ul/kg vitamin A, 120,000 Ul/kg vitamin
D;, and 1,600 mg/kg vitamin E; Galaphos Midi Duo, CCPA, Aurillac, France.

2Cereal-based concentrate: 39% barley, 46% wheat, and 15% corn on a
DM basis.

3PDIE = protein digested in the small intestine supplied by rumen
undegraded dietary protein and by microbial protein from rumen-fermented
OM (INRA, 2007).

4PDIN = protein digested in the small intestine supplied by rumen
undegraded dietary protein and by microbial protein from rumen degraded
N (INRA, 2007).

SCalculated from NRC feed tables (NRC, 2001) using the actual DMI level
(on average, 3.04% BW).

were stored at ambient temperature. All samples were
pooled per period. Dry matter and N intake were cor-
rected for losses of volatile compounds (ethanol, ammo-
nia, and acetic and lactic acids) from corn silage during
drying (Dulphy et al., 1975).

Ruminal Characteristics. On d 27 and 28, 100 mL
of ruminal fluid was collected by suction through a pipe
inserted in the ventral sac just before and 1, 2.5, 5, and
8 h after the morning feeding. Samples were immedi-
ately strained through a 250-pm-pore nylon filter and
maintained on a magnetic stirrer for pH determination
using a digital pH meter (CG837, Ag/AgCl electrode,
Schott Gerate, Hotheim, Germany). For all samples, 50
mL were preserved at —20°C for total N and nonprotein
N (NPN) determination, 0.8 mL was added with 0.5 mL
of deproteinizing solution (1 g of crotonic acid at 0.05 M,
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5 g of orthophosphoric acid at 0.2 M diluted in 250 mL
of HCI at 0.5 M) and stored for 4 h at 4°C before being
frozen at —20°C for VFA determination, and 5 mL were
added with 0.5 mL of 5% orthophosphoric acid before
being frozen at —20°C for ammonia (NH;) content de-
termination. Moreover, 3 mL of the samples collected
just before and 2.5 h after the morning meal were pre-
served by adding 3 mL of a methyl green—formalin—salt
solution (0.92 mM methyl green, 0.14 M sodium chlo-
ride, 35 mL/L formaldehyde) and then stored in dark-
ness at room temperature for protozoa counts.

Nutrient Flow. From d 24 to 27, a sample of 0.5%
of the daily fecal excretion was taken, pooled per cow,
and stored at —20°C before analysis of the marker used
for simultaneous measurement of duodenal and ileal
nutrient flows. Duodenal and ileal nutrient flows were
determined using YbCl; as an external marker (Siddons
et al., 1985). The YD solution was infused continuously
into the rumen via the ruminal cannula using a peristal-
tic pump from d 19 to 27 (i.e., 6 d before duodenal and
ileal samplings) to ensure a steady state before sampling
(Owens and Hanson, 1992). A daily quantity of 1.2 g
Yb dissolved in 2.4 L of water was infused for each
cow. Sixteen duodenal samples of 250 mL and 16 ileal
samples of 100 mL were collected day and night from d
25 to 27, providing representative samples of duodenal
and ileal contents representing 1.5-h intervals over a day.
These samples were pooled per animal and per period
and frozen at —20°C. To obtain bacterial samples, 2-kg
samples representative of ruminal content at the sam-
pling times (0900, 1130, and 1400 h) were collected on
d 24 for 2 cows and on d 27 for the other 2 cows. The
solid and liquid phases of the ruminal content were sepa-
rated to obtain samples of solid-adherent bacteria (SAB)
and liquid-associated bacteria (LAB), as described in
Bauchart et al. (1990). Bacterial samples were stored at
—20°C until chemical analysis.

The ruminal outflow rate of LAB was estimated
from the turnover rate of ruminal fluid, measured 1, 2.5,
5, 8, 12, and 24 h after the end of a continuous infusion
of Cr-EDTA (1.1 g Cr per day for 9 d) into the rumen.

Total Tract Digestibility and Nitrogen Balance. To-
tal tract digestibility was determined by daily total feces
collection over 6 consecutive days (from d 23 to 28).
To separate urine from feces, a flexible pipe connected
to a 30-L flask containing 500 mL of 10% sulfuric acid
was fixed on each cow. Feces were weighed at 0900 h
and mixed before sampling: an aliquot of 0.5% of the
total daily fecal excretion was pooled per period and per
cow and stored at —20°C for subsequent determination
of chemical composition. From d 23 to 28, total urine
excretion of each cow was weighed at 0900 h, and an al-
iquot of 1% was sampled and pooled per cow and stored
at —20°C for subsequent N determination.
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Milk Recording and Sampling. The cows were
milked in their stalls twice daily at 0600 and 1600 h.
Milk yield was recorded by an automatic infrared flow-
meter (Delaval, Elancourt, France). Aliquots (100 mL)
of morning and evening milking were taken on d 24, 26,
and 28 for fat, protein, lactose, and urea determination.

Chemical Analysis. For each diet ingredient, refus-
als, duodenal and ileal contents, feces, DM (103°C for 24
h), ash (550°C for 6 h), and N (Kjeldahl method, AOAC,
1990) were analyzed on fresh samples. The NDF using
a-amylase and ADF (Van Soest etal., 1991) were analyzed
on samples dried for 48 h at 60°C and ground through
a 1-mm screen. Silage fermentation characteristics were
measured on liquid obtained with a manual press. The pH
was immediately determined with the same pH meter as
described above (CG837, Ag/AgCl electrode, Schott Ger-
ate). Acetic acid and ethanol contents were determined by
GLC (Jouany, 1982), lactic acid content was determined
by the method described by Noll (1974), and NH; con-
tent was determined by the Conway method (Conway,
1957). Starch was analyzed by spectrophotometry after
enzymatic analysis on fresh feeds and refusals and on ly-
ophilized duodenal, ileal, and fecal samples (Faisant et
al., 1995). Chemical composition of the total mixed ra-
tion offered daily was calculated from the proportion of
each ingredient in the diet and the respective chemical
composition of each ingredient. Chromium was deter-
mined in rumen liquid by atomic absorption spectropho-
tometry (model 2380 spectrophotometer, PerkinElmer,
Bois d’Arcy, France) at a wavelength of 357.9 nm with
an air/acetylene flame directly on supernatant obtained by
centrifugation (5000 x g for 15 min at room temperature;
Michalet-Doreau and Doreau, 2001). Ammonia content
of rumen liquid and of duodenal and ileal samples was
determined colorimetrically using the automated phenol-
hypochlorite method (Weatherburn, 1967). Total N was
determined on rumen liquid and NPN on the superna-
tant was obtained by centrifugation (800 x g for 10 min
at 4°C) after deproteinization (3 mL 40% sulfosalicylic
acid in 30 mL rumen liquid), using the Kjeldahl method,
as previously described by Doreau et al. (2004). Ytter-
bium was determined in feces and in duodenal and ileal
contents by atomic absorption spectrophotometry (model
2380 spectrophotometer, PerkinElmer) at a wavelength of
398.8 nm with an acetylene/N,O flame after extraction
of the marker from lyophilized samples (Hart and Polan,
1984). Purine and pyrimidine bases were measured with a
method adapted from Lassalas et al. (1993). Nucleic acids
from lyophilized samples (0.05 g of LAB and SAB and
0.2 g of duodenal contents) were hydrolyzed by perchlo-
ric acid (70%) at 100°C and neutralized by addition of
sodium hydroxide (0.6 N). Purine and pyrimidine bases
were then quantified using an ultraperformance liquid
chromatography method developed in our laboratory. A
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100 x 2.1 mm Acquity UPLC BEH, 1.7 pm column (Wa-
ters, Saint Quentin en Yvelines, France) was used with an
isocratic elution method. The solvents used were metha-
nol (4%) and potassium acetate buffer 50 mA/ (96%). The

flow rate was 0.35 mL/min. The column temperature was

maintained at 35°C with a column oven (Waters, Saint
Quentin en Yvelines, France). The injection volume was

5 pL. Purine and pyrimidine bases were detected at 254
nm, were identified by comparison of retention times with
those of pure standards, and were quantified with an exter-
nal standard calibration curve. Nitrogen (Dumas method;
Etheridge et al., 1998) and ash (550°C for 6 h) were mea-
sured in lyophilized LAB and SAB. The VFA content of
the rumen liquid was determined by GLC using 4-methyl-
valeric acid as an internal standard. Amino acid content of
the duodenal and ileal whole digesta was determined after
acid hydrolysis with HC1 6 N at 110°C for 24 h (Poncet
and Rémond, 2002). For sulfur AA, the samples were oxi-
dized with performic acid before hydrolysis. Norleucine

was used as an internal standard. Immediately after hydro-
lysis, HCI was removed under vacuum, and the AA were

dissolved in a loading buffer. The AA were separated by
ion-exchange chromatography and detected after reaction
with ninhydrin (Bio-Tek Instruments A.R.L., St-Quentin-
en-Yvelines, France). Cysteine and Met were detected as

cysteic acid and methionine sulfone, respectively. Milk
fat, protein (milk N X% 6.38), and lactose concentrations

were determined by infrared spectrophotometry (Combi-
Foss 5000, Foss Electric, Hillerod, Denmark) on morning

and evening samples. Milk urea was determined by the

dimethylaminobenzaldehyde colorimetric method (Potts,
1967), also on morning and evening samples.

Calculations and Statistical Analysis

Duodenal and ileal DM flows were calculated as the
ratio between the daily amount of Yb excreted in feces
and Yb content of duodenal and ileal samples, respective-
ly. Daily amounts of DM and Yb excreted in feces were
corrected for the estimated amount of undigestible DM
removed by samplings, assuming that samples contained
0.4, 0.5, and 0.7 g of undigestible DM/g DM at ruminal,
duodenal, and ileal levels, respectively. The apparent
amount of OM digested in the rumen was estimated by
the difference between OM intake and OM duodenal flow.
The true amount of OM digested in the rumen (TOMDR)
was estimated by adding microbial OM to the difference
between OM intake and OM duodenal flow. The amount
and composition of mixed bacteria (MB) were calculated
from the average ratio of LAB and SAB in the rumen
(25:75; Martin and Michalet-Doreau, 1995) and from the
outflow rate of these 2 microbial fractions individually
measured using Cr-EDTA for LAB and taken as 0.06 for
SAB (Doreau and Ottou, 1996). The fractional outflow
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rate of LAB was determined by logarithmic transforma-
tion of Cr concentrations in the rumen fluid, followed by
linear regression against time, and expressed as h™ 1.
Microbial protein synthesis was calculated using MB
as the microbial reference sample. Indeed, although sam-
ples of LAB are mostly used to estimate microbial pro-
tein synthesis and are considered a reference microbial
sample because they are easy to isolate, it is now known
that LAB are not representative of the MB leaving the
rumen (Doreau and Ottou, 1996). The efficiency of mi-
crobial protein synthesis (EMPS) was calculated as the
ratio between microbial N duodenal flow and TOMDR.
Ruminal protein balance was calculated as follows:

Ruminal protein balance =

(N intake — duodenal nonammonia N flow) x 6.25
DMI

with N intake and duodenal nonammonia N flow being
expressed in grams and DMI in kilograms.

Nitrogen recovery was calculated as the sum of fecal
N excretion, urinary N excretion, and milk N secretion.
Milk fat, protein, lactose, and urea yields were calculated
from morning and evening milk yield and composition.
The formula used to calculate 4% fat corrected milk was
milk yield x (0.4 + 0.015 % milk fat concentration), with
milk yield being expressed in kilograms per day and milk
fat concentration in grams per kilogram (INRA, 2007).

Data were analyzed as a 4 x 4 Latin square using the
MIXED procedure (SAS Inst. Inc., Cary, NC), with mean
per animal and treatment as the experimental unit. The
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statistical model included N level, energy source, and
their interaction as fixed effects and cow as a random ef-
fect. When variables were measured at different times of
the day (pH, ruminal concentrations, and proportions of
VFA and N), data were additionally analyzed using the
REPEATED statement within the MIXED procedure of
SAS. This statistical model included the effects of N lev-
el, energy source, time, and their interactions. Each cow
was used as the subject. Compound symmetry was used
as the covariance structure instead of unstructured and
autoregressive symmetry because it provided the best fit
to the data on the basis of Akaike and Bayesian informa-
tion criteria. Significance was declared at a probability
value lower than 0.05. Probability values less than 0.10
were considered trends. When a significant F' value was
obtained, means were compared using the least squares
means procedure (PDIFF option of SAS).

RESULTS

Rumen Fermentation

The average ruminal concentration of NH;-N was
lower at the low N level than at the high N level (P =
0.010) and lower with high-starch diets than with high-
fiber diets (P = 0.008; Table 2). The ruminal concen-
tration of total soluble N was lower (P = 0.009) at the
low N level than at the high N level (Table 2). The av-
erage ruminal concentration of protein soluble N was
lower (P = 0.011) at the low N level than at the high
N level (Table 2). The average ruminal concentration of

Table 2. Average N fractions in ruminal liquid, ruminal pH, and VFA sampled just before and 1, 2.5, 5, and 8 h
after the morning feeding and average ruminal protozoa population sampled just before and 2.5 h after the morning
feeding of cows receiving high-starch or high-fiber concentrate at a low or high N level

Low N High N P-values
Item n Starch Fiber Starch Fiber SEM N E N xE
NH;-N, mg/L 80 24.6 99.7 96.4 124.1 11.67 0.010 0.008 0.06
Total soluble N, mg/L 80 448 547 655 732 50.8 0.009 0.07 0.76
Protein soluble N, mg/L 80 272 266 381 448 28.5 0.011 0.33 0.26
Non-protein soluble N, mg/L 80 176 281 274 284 29.4 0.06 0.043 0.07
NPNA soluble N,! mg/L 80 151 181 177 160 20.9 0.86 0.67 0.19
pH 80 6.4 6.6 6.5 6.5 0.08 0.95 0.09 0.31
Total VFA, mM 80 96.7 102.4 101.0 104.9 4.72 0.24 0.13 0.74
Acetate, mol/100 mol 80 65.5 67.6 65.6 67.7 0.94 0.94 0.06 1.00
Propionate, mol/100 mol 80 16.8 18.3 17.4 17.9 0.60 0.79 0.09 0.27
Isobutyrate, mol/100 mol 80 0.04 0.66 0.83 0.77 0.066 0.014 0.54 0.15
Butyrate, mol/100 mol 80 13.9 10.8 12.5 10.8 1.02 0.15 0.007 0.15
Isovalerate, mol/100 mol 80 1.06 1.91 1.45 1.23 0.161 0.010 0.05 0.38
Valerate, mol/100 mol 80 1.45 1.09 1.28 1.11 0.114 0.45 0.06 0.38
Total protozoa, 103/mL 32 112 172 183 216 44.2 0.27 0.36 0.77
Ophryoscolecidae, 103/mL 32 110 167 179 210 443 0.28 0.38 0.78
Isotrichidae, 103/mL 32 1.91 4.70 4.76 5.20 1.40 0.15 0.16 0.27

INPNA = nonprotein nonammonia.
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Table 3. Nitrogen intake, duodenal N flow, microbial protein synthesis, and efficiency of microbial protein synthesis
in cows receiving high-starch or high-fiber concentrate at a low or high N level

Low N High N P-values

Item! Starch Fiber Starch Fiber SEM N E NxE
N intake, g/d 352 360 453 471 10.9 <0.001 0.103 0.48
Duodenal flow

N, g/d 397 355 519 455 28.8 0.001 0.06 0.67

Nonammonia N, g/d 390 347 500 437 279 0.002 0.05 0.70
Ruminal protein balance,? g CP/kg DMI -12.2 39 —14.6 10.6 6.98 0.77 0.016 0.53
Microbial N, 3 g/d 317 277 375 306 31.0 0.19 0.11 0.66
Nonmicrobial nonammonia N,3 g/d 74 70 125 131 31.0 0.05 0.96 0.86
EMPS,? 4 g N/kg OM fermented 26.0 20.6 28.1 239 2.45 0.29 0.08 0.80

In=16.

2Ruminal protein balance = (N intake — duodenal nonammonia N flow) x 6.25/DMI.

3Calculated using mixed bacteria as microbial reference sample.
4EMPS = efficiency of microbial protein synthesis.

nonprotein soluble N was greater with high-fiber diets
than with high-starch diets (P = 0.043). The average ru-
minal concentration of nonprotein, nonammonia soluble
N was not modified by the dietary treatments (P = 0.86
and 0.67 for the effect of the level of N and the energy
source, respectively).

Rumen pH did not differ between low and high N
levels (P = 0.95) but tended to be greater with high-fiber
diets than with high-starch diets (P = 0.09; Table 2). Av-
erage values for molar concentration of total VFA and
molar percentages of acetate, propionate, and valerate in
the rumen liquid were similar between treatments (Ta-
ble 2). The average molar concentration of butyrate was
lower with high-fiber diets than with high-starch diets (P
= 0.007). Average molar percentages of isobutyrate and
isovalerate were lower (P = 0.014 and 0.010, respective-
ly) at the low N level than the high N level.

Nutrient Flow and Digestibility

Duodenal flow of N decreased with the N level of
the diet (P < 0.001) and tended to be greater with high-
starch diets than with high-fiber diets (P = 0.06; Table
3). Nonammonia N duodenal flow increased with the N
level of the diet (P < 0.001), whereas it decreased from
high-starch to high-fiber diets (P = 0.05). Ruminal pro-
tein balance was not significantly modified by the N lev-
el of the diet (P = 0.77) but was greater with high-fiber
diets than with high-starch diets (P = 0.016).

When the N content of the diet decreased, the N con-
tent of LAB and SAB decreased from 7.5% to 7.2% of
DM and 6.8% to 6.5% of DM for LAB and SAB, re-
spectively (P = 0.004 and 0.003, respectively; data not
shown). At the same time, the N content of LAB and SAB
was greater (P = 0.005 and 0.030) with high-fiber diets
(7.5% and 6.7% of DM for LAB and SAB, respectively)
than with high-starch diets (7.2% and 6.5% of DM for

LAB and SAB, respectively). Microbial duodenal N flow
was not significantly modified by the N level of the diet
(P =0.19) or by the energy source of the diet (P = 0.11)
when MB was taken as reference (Table 3) but tended to
be greater at the high N level (P = 0.07) and with high-
starch diets (P = 0.08) when LAB was taken as reference
(data not shown). Nonmicrobial, nonammonia N calcu-
lated using MB flow was less at the low N level than
the high N level (P = 0.05; Table 3). The proportion of
microbial N flow in nonammonia N flow differed widely
according to the method of calculation, on average 73%
with MB vs. 55% with LAB (data not shown).

Duodenal flow of total AA was lower with low-N di-
ets than high-N diets (P = 0.003; Table 4). At the same
time, the amounts of essential AA and nonessential AA
were lower (P = 0.001 and 0.007, respectively) with low-
N diets than with high-N diets. Duodenal flow of Arg, His,
Ile, Leu, Lys, Phe, Thr, and Val was greater with high-N
diets than low-N diets (P < 0.05), whereas duodenal flow
of Met was not modified by the experimental treatment (P
=0.14 and 0.11 for the effect of the N level and the energy
source, respectively). Apparent small intestine digestibility
of individual essential AA did not vary among treatments
(Table 4). Apparent small intestine digestibility of Ile was
greater with high-N diets than low-N diets (P = 0.05).

The amount of OM apparently digested in the rumen
and TOMDR calculated using MB did not vary between
low and high N levels (P = 0.61 and 0.84, respectively)
or between high-fiber and high-starch diets (P = 0.19
and 0.75, respectively), even when expressed relative to
OM intake (Table 5). The efficiency of microbial protein
synthesis did not vary with dietary N level (P = 0.29)
but tended to be greater (P = 0.08) with high-starch diets
than with high-fiber diets (Table 3).

As expected, the amount of NDF digested in the ru-
men was greater (P < 0.001) with high-fiber diets than
with high-starch diets because of both greater NDF in-
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Table 4. Amino acid duodenal flow and AA intestinal digestibility in cows receiving high-starch or high-fiber con-

centrate at a low or high N level

Low N High N P-values

Item! Starch Fiber Starch Fiber SEM N E NxE

AA duodenal flow, g/d
Total AA 2,101 1,816 2,711 2,479 155.2 0.003 0.13 0.87
Essential 809 698 1088 997 62.1 0.001 0.14 0.88
Arg 83 66 109 96 6.6 0.002 0.06 0.77
His 38 37 54 47 29 0.002 0.19 0.350
Ile 82 81 134 116 8.9 0.009 0.32 0.37
Leu 152 123 177 160 11.7 0.025 0.08 0.61
Lys 121 112 166 153 10.7 0.003 0.33 0.86
Met 44 33 47 44 43 0.14 0.11 0.35
Phe 73 57 103 112 14.3 0.11 0.79 0.37
Thr 111 108 162 143 9.9 0.002 0.28 0.45
Val 104 82 138 126 11.4 0.007 0.17 0.65
Nonessential? 1,292 1,118 1,623 1,482 100.3 0.007 0.15 0.87

AA apparently digested in the small intestine, %
Total AA 65 63 70 64 39 0.43 0.34 0.58
Essential 67 66 71 67 39 0.40 0.45 0.74
Nonessential 63 62 68 61 4.0 0.47 0.31 0.49
Arg 75 69 72 71 5.7 0.97 0.52 0.59
His 59 60 71 60 4.6 0.24 0.30 0.26
Ile 56 62 80 68 7.3 0.05 0.66 0.18
Leu 70 67 70 65 3.6 0.76 0.25 0.74
Lys 73 68 72 70 5.4 0.96 0.49 0.73
Met 72 73 64 64 4.7 0.11 1.00 0.94
Phe 76 69 71 77 4.7 0.66 0.83 0.16
Thr 59 61 67 60 39 0.37 0.54 0.31
Val 61 63 68 64 5.5 0.40 0.81 0.55

In=16.

2Ala + Cys + Glu + Gln + Gly + Phe + Pro + Ser + Trp + Tyr.

take (P < 0.001) and greater NDF ruminal digestibility
(P =0.015; Table 5). The amount of starch digested in
the rumen was greater with high-starch diets than with
high-fiber diets (P < 0.001). Similarly, ruminal digest-
ibility of starch was greater with high-starch diets than
with high-fiber diets (P = 0.018). At the same time, in-
testinal digestibility of starch did not vary between low
and high N levels (P = 0.94) or between high-fiber and
high-starch diets (P = 0.84).

Apparent total tract digestibility was lower at low N
than at high N for DM and OM (P = 0.008 and 0.006,
respectively; Table 6). There were significant interac-
tions between N level and dietary energy source for
NDF and ADF total tract digestibility (P = 0.014 and
0.05, respectively). The total tract digestibility of starch
tended to be greater with high-starch diets than with
high-fiber diets (P = 0.08).

Milk Production and N Partitioning

There was no significant interaction between N level
and the dietary energy source for any of the milk pro-

duction and N partitioning parameters (Table 7). Milk
yield was lower at the low N level than the high N level
(P = 0.002). No effect of the N level of the diet was
observed on milk fat, milk protein, and milk lactose con-
tents (P = 0.10, 0.66, and 0.13, respectively). Milk urea
N content was lower at the low N than the high N level
(P =0.004). Milk protein content was greater with high-
starch diets than with high-fiber diets (P =0.013). When
increasing the N level of the diet, 4% fat corrected milk
increased (P = 0.006), whereas it was lower with high-
starch diets than with high-fiber diets (P =0.015). When
expressed as daily amount secreted, milk fat tended to
be lower with low-N diets than high-N diets (P = 0.09)
and lower with high-starch diets than high-fiber diets (P
=0.006). Milk lactose and milk protein were lower at the
low N level than at the high N level (P = 0.002 and P =
0.013, respectively).

Fecal N excretion was unaffected by the N level of
the diet (P = 0.24) or by the energy source (P = 0.17;
Table 6). Daily output of N in urine was lower at the low
N level than the high N level (P < 0.001). The decrease
in urinary N observed with low-N diets was related to a
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Table S. Organic matter, NDF, and starch intake and ruminal digestion and starch intestinal digestion of cows receiv-
ing high-starch or high-fiber concentrate at a low or high N level

Low N High N P-values
Item! Starch Fiber Starch Fiber SEM N E NxE
OM intake, kg/d 18.8 19.0 18.7 19.0 0.51 0.91 0.56 0.82
AOMDR, kg/d 8.2 9.6 8.1 8.9 0.80 0.61 0.19 0.72
AOMDR, % of OM intake 43.2 50.7 432 46.7 3.71 0.61 0.17 0.62
AOMDR, % of OM digested 65.1 77.0 61.4 69.3 5.75 0.35 0.12 0.73
TOMDR, kg/d 12.5 13.4 13.3 12.9 0.81 0.84 0.75 0.41
TOMDR, % of OM intake 66.4 70.4 70.8 67.9 3.26 0.77 0.87 0.30
NDF intake, kg/d 7.2 10.3 7.2 9.6 0.24 0.07 <0.001 0.11
NDFDR, kg/d 2.5 5.7 3.2 5.0 0.40 0.92 <0.001 0.13
NDFDR, % of NDF intake 34.8 55.2 44.2 51.6 4.61 0.54 0.015 0.19
Starch intake, kg/d 6.6 3.1 5.8 3.1 0.11 <0.001 <0.001 <0.001
Starch digested in the rumen, kg/d 52 1.9 4.7 2.3 0.22 0.92 <0.001 0.07
Starch digested in the rumen, % of starch intake 78.1 61.1 80.8 74.9 3.95 0.07 0.018 0.20
Starch digested in the intestine, % of duodenal starch 54.4 69.2 66.5 55.7 9.81 0.94 0.84 0.22

17 = 16. AOMDR = apparent amount of OM digested in the rumen; TOMDR = true OM digested in the rumen calculated using mixed bacteria as microbial

reference sample; NDFDR = amount of NDF digested in the rumen.

decrease in both the volume of urine (P = 0.021, data not
shown) and urine N concentration (P < 0.001, data not
shown). The daily secretion of N in milk was lower at the
low N level than the high N level (P =0.013).

When expressed as a percentage of N intake, urinary
N excretion was lower at the low N level than the high N
level (16.0% vs. 25.5%, respectively; P <0.001, data not
shown). In contrast, milk N secretion and fecal N excre-
tion were greater (P =0.003 and P <0.001) at the low N
level than the high N level (28.9% vs. 25.0% for milk N
secretion and 43.0% vs. 34.9% for fecal N excretion; P
< 0.01, data not shown). The resulting N secretion was
not significantly modified by the dietary treatments (P
= 0.18 and 0.72 for the effect of the level of N and the
energy source, respectively).

DISCUSSION

Ruminal Digestion of OM, Fiber, and Starch

Both ruminal and total tract digestibility of NDF
were greater with high-fiber diets than with high-starch
diets. This can be related both to the high digestibility of
the NDF in soybean hulls (79% estimated from INRA,
2007) and to an expected decrease in digestibility of the
forage cell wall with high-starch diets (Noziére et al.,
1996). Here, the uncertainties of NDF measurements in
duodenal digesta may explain the slightly greater rumi-
nal than fecal digestibility of NDF (55.2% vs. 54.7%)
with the low-N, high-fiber diet, but most of the NDF
digestion (around 90% on average for the 4 diets) oc-

Table 6. Total tract digestibility and N balance of cows receiving high-starch or high-fiber concentrate at a low or

high N level
Low N High N P-values
Item! Starch Fiber Starch Fiber SEM N E NxE
Total tract apparent digestibility, %
DM 64.6 63.8 68.8 65.7 1.02 0.008 0.06 0.23
oM 66.4 65.8 70.5 67.7 0.99 0.006 0.08 0.24
NDF 38.5 54.7 49.0 55.5 1.79 0.007 <0.001 0.014
ADF 334 50.6 42.7 50.8 2.30 0.044 <0.001 0.051
Starch 91.5 87.6 94.1 90.1 2.00 0.23 0.08 0.98
N balance
N intake, g/d 352 360 453 471 10.9 <0.001 0.103 0.48
Fecal N, g/d 149 157 155 168 6.8 0.24 0.17 0.68
Urinary N, g/d 53 61 115 121 8.0 <0.001 0.37 0.85
Milk N, g/d 105 101 117 114 6.4 0.013 0.37 0.85
N excretion,? % N intake 87.2 88.6 85.4 85.6 1.70 0.18 0.72 0.74
In=16.

2N excretion = fecal N + urinary N + milk N.
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Table 7. Dry matter intake and milk secretion of cows receiving high-starch or high-fiber concentrate at a low or high

N level
Low N High N P-values

Item! Starch Fiber Starch Fiber SEM N E NxE
DML, kg/d 20.0 20.3 19.9 20.4 0.54 0.94 0.30 0.86
Milk yield, kg/d 22.5 22.7 24.1 25.7 1.23 0.002 0.13 0.25
Milk fat content, g/kg 36.0 37.8 35.1 38.6 2.47 1.00 0.31 0.73
Milk protein content,? g/kg 30.0 28.4 30.7 28.2 0.97 0.66 0.013 0.55
Milk lactose content, g/kg 48.1 49.0 49.2 49.4 0.61 0.13 0.31 0.48
Milk fat, g/d 793 857 844 992 53.1 0.09 0.06 0.42
Milk protein, g/d 672 643 744 725 40.7 0.013 0.37 0.85
Milk lactose, g/d 1,079 1,112 1,187 1,270 64.4 0.002 0.09 0.43
4% fat corrected milk,? kg/d 20.9 21.9 22.3 252 0.65 0.006 0.015 0.20
Milk urea N content, mg/dL 5.46 7.98 10.40 12.83 1.493 0.004 0.11 0.90

In=16.

2Milk protein = milk N x 6.38.
34% fat corrected milk = milk yield x (0.4 + 0.015 x milk fat content).

curred in the rumen, which is in line with a limited con-
tribution of the hindgut to NDF digestion under most di-
ets (Sauvant and Van Milgen, 1995). The decrease in N
dietary content induced a decrease in NDF digestibility
under high-starch diets (36% NDF) but not with high-
fiber diets (49% NDF, significant interaction). A similar
trend was numerically observed at the ruminal level, al-
though it failed to reach statistical significance. Similar
trends at the ruminal level were observed by Peyraud et
al. (1997) in dairy cows and Valkeners et al. (2008) in
growing bulls fed low-NDF diets (35% of DM). This
suggests that NDF digestion is more sensitive to low CP
level when it is first impaired by high-starch concentrate.
Also, it could be suggested that there is a larger need
for N with starch for microbial growth, which cannot be
detected statistically because of the lack of accuracy of
the marker method.

Decreasing dietary CP level did not significantly af-
fect the total tract digestion of starch. At the total tract
level, Doreau et al. (1990), in both dry and lactating
cows, and Agle et al. (2010), in lactating cows, observed
a slight decrease in total tract starch digestibility with
the low-N diets, in line with the numerical differences
(3 points) observed in the present work. At the rumen
level, we also observed a numerical decrease in starch
digestion at the low N level with high-fiber diets but not
with high-starch diets. This is in line with Valkeners et al.
(2008), who reported that a N shortage did not affect ru-
minal starch digestibility in growing bulls fed low-NDF
diets (35%). Taken together, these results suggest that
with low-starch diets, the amylolytic microbial popula-
tion is more sensitive than the cellulolytic population to
a N shortage. However, starch escaping ruminal diges-
tion was efficiently digested in the intestine, allowing an
almost complete compensation of starch digestion.

Nitrogen Digestion and Metabolism

In the present experiment, decreasing the dietary N
level only slightly decreased the microbial N flow (but
significantly using LAB as the reference sample), and
the decrease in the nonmicrobial, nonammonia flow
reaching the small intestine was mainly due to the non-
microbial fraction. This is in line with the literature re-
view on dairy cows by Clark et al. (1992), who reported
that the amount of microbial N entering the small intes-
tine was not significantly modified by dietary N content.
The low extent of the variation in microbial N flow, al-
though the supply of rumen-degradable N was assumed
to be limiting for microbial N synthesis, could be partly
related to the uncertainties related to the digesta flow
measurements using a single marker method. However,
similar results have also been reported by others in dairy
cows (Peyraud et al., 1997) and bulls (Valkeners et al.,
2008). This implies that the shortage in degradable N
either improved N recycling or improved the EMPS or
both. These 2 points are discussed in turn below.

Rumen protein balance is generally considered as an
indicator of N recycling in the rumen. Here, we found
that rumen protein balance was not modified by dietary N
level, suggesting that the N shortage was not compensat-
ed for by N recycling. This contrasts with what is com-
monly reported (Lapierre and Lobley, 2001). However,
rumen protein balance shifted from a negative balance
with high-starch diets to a positive balance with high-
fiber diets, suggesting that recycling could be improved
with starch. Previous work has already evidenced the
ability of the rumen wall to regulate in the short-term
the net transfer of urea from blood to lumen in response
to the ratio of degradable N to fermentable carbohydrate
(Rémond et al., 2009), and this ability may explain the
greater recycling with starch. The low NH;-N concentra-
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tion obtained with the low-N, high-starch diet (averaging
24.6 mg/L over the postprandial period) suggested that
a low NH;-N concentration in the rumen did not impair
microbial growth. Similar results (NH;-N < 40 mg/L)
have previously been reported in dairy cows fed diets
at 11% CP (Doreau et al., 1990; Klusmeyer et al., 1990;
Peyraud et al., 1997) and even up to 15% to 17% CP (Mc
Carthy et al., 1989; Yang et al., 1997), without a change
in microbial synthesis (Mc Carthy et al., 1989; Peyraud
et al.,, 1997; Yang et al., 1997). It is noticeable that the
ruminal digestibility of NDF was depressed with the low
NH;-N concentration obtained with the low-N, high-
starch diet even though the microbial growth was not
impaired. Again, although methodological uncertainties
could partly explain this apparent discrepancy, this result
is in line with Hoover (1986), who reported that maxi-
mum microbial growth could be achieved with a lower
NHj level than that required to maximize cellulolysis.

The EMPS was unaffected by the N level. Similarly,
no variation in EMPS when decreasing the dietary level
of degradable N up to 11% CP was reported by Pey-
raud et al. (1997) in dairy cows and by Valkeners et al.
(2008) in bulls, and a nonsignificant trend for a decrease
in EMPS has been found by Aschemann et al. (2012b).
More generally, among ruminants, EMPS does not ap-
pear to be closely related to dietary CP level, but rather
to rumen protein balance as well as to TOMDR and pas-
sage rates (Sauvant and Noziere, 2011), as also observed
in the present study, where rumen protein balance in-
creased and EMPS decreased between high-starch and
high-fiber diets at a similar CP level.

Nitrogen Partitioning between Feces, Urine, and Milk

Milk protein yield decreased when decreasing the N
level of the diet, but the efficiency of dietary N conver-
sion into milk N increased. Although the present work
concerns short-term measurements for only 4 animals,
this pattern of increase in efficiency of dietary N conver-
sion into milk when decreasing dietary N input level is
commonly reported in the literature (Klusmeyer et al.,
1990; Olmos Colmenero and Broderick, 2006; Brun-Laf-
leur et al., 2010) when DMI remains constant. Neverthe-
less, milk production was impaired (decreasing by 2.3
kg/d) when decreasing the N level of the diet. This result
is consistent with previous experiments by Kalscheur et
al. (2006), Cyriac et al. (2008), and Cantalapiedra-Hijar
et al. (2011) but not with those of Peyraud et al. (1997),
Olmos Colmenero and Broderick (2006), Agle et al.
(2010), and Aschemann et al. (2012a) with a decrease
until a similar N level in the diet. The reason for the dif-
ferent patterns of response between these experiments is
unclear. The decrease in milk yield with the low-N diets
in our experiment may be due both to the decrease in
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diet digestibility without a change in feed intake and to
the shortage in digestible AA, at least for limiting AA.

Here, decreasing the N level of the diet results in
a decrease in N excretion in manure, and this decrease
was mainly related to a decrease in urinary N excretion,
whereas fecal N excretion remained constant. The de-
crease in urinary N when decreasing the diet level of de-
gradable N is a classical result already widely reported by
others (Peyraud et al., 1997; Agle et al., 2010; Edouard et
al., 2011) with comparable differences in rumen-degrad-
able N level of the diet. Conversely, the literature reports
contrasting results on the effect of dietary N level on fecal
N excretion. Some authors reported a decrease in fecal N
excretion when decreasing dietary N level (Kalscheur et
al., 2006; Olmos Colmenero and Broderick, 2006; Cyriac
et al., 2008), whereas others have reported no significant
effect (Peyraud et al., 1997; Agle et al., 2010; Edouard et
al., 2011), as was the case in our trial. The differences in
response of fecal N to a decrease in dietary N may be due
to differences in ruminal N metabolism; in our experi-
ment, apparent total tract digestibility of N, which gener-
ally depends on ruminal N balance, was lower for low-N
diets. Kebreab et al. (2001), using a database made from
5 N balance experiments built to investigate the relation-
ships between dietary N and N excretion in urine, feces,
and milk, reported that urinary N excretion was positively
and exponentially correlated with dietary N. However,
in this database, fecal N excretion and milk N secretion
were linearly but poorly affected (by less than 20%) by
decreasing dietary N, thus illustrating, as in the present
experiment, that milk N secretion has priority for meta-
bolic use of absorbed N.

Whatever the dietary treatment, the N balance of the
animal (i.e., N intake — milk N — urinary N — fecal N) was
positive, suggesting a high level of N retention and an in-
crease in the BW of the cows. However, this is not the case
in this study, and our results suggest an overestimation of
the N balance. Spanghero and Kowalski (1997), in a criti-
cal analysis of N balance experiments with lactating cows,
reported that most of the studies with high-producing
dairy cows overestimate N balance. These authors have
identified 4 main sources of error in N balance trial that
may cause this overestimation: underestimation of fecal N,
volatile N loss from the urine container, dermal and scurf
losses, and inaccuracy of milk N content determination.
However, in the present experiment, it was not possible to
know what fraction of N output was underestimated.

Conclusions

Reducing dietary N level caused decreases in the di-
gestibility of OM and in the flow of AA absorbed. This
decrease was primarily related to a decrease in AA from
the nonmicrobial fraction, whereas the microbial flow
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was only slightly and not significantly modified. More-
over, although production data should be considered
with caution in such short-term digestion trials, there
was a concomitant increase in the efficiency of use of
absorbed N that induced a moderate drop in milk protein
secretion but allowed a sharp decline in N excretion in
urine. In our study, shifting the energy source of the diet
from fiber to starch only slightly and not significantly in-
creased the flow of AA apparently absorbed. Our results
do, however, suggest a better recycling of N and a better
use of NH; with high-starch than with high-fiber diets.

These results highlight, first, that the reduction of
fermentable N favored the ability of animals to recycle N
and, second, that absorbed AA would primarily be used
by the mammary gland, suggesting that the microbial
ecosystem is highly resilient. A compromise between
reduced environmental release of N and increased ef-
ficiency of animal performance has to be found.
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