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ABSTRACT

Twenty-eight Holstein cows (4 with ruminal cannu-
las) were blocked by days in milk into 7 groups and
then randomly assigned to 1 of 7 balanced 4 × 4 Latin
square diet sequences. The diets contained [dry matter
(DM) basis] 20% alfalfa silage, 35% corn silage, and
45% concentrate mainly from high-moisture corn and
soybean meal. Diets differed in crude protein (CP) con-
tent and source of protein supplement: diet A) 15.6%
CP, 3.7% solvent-extracted soybean meal (SSBM), 4.5%
expeller soybean meal (ESBM); diet B) 16.6% CP, 9.6%
SSBM, 0% ESBM; diet C) 16.6% CP, 4.6% SSBM, 5.9%
ESBM; and diet D) 17.6% CP, 11.7% SSBM, 0% ESBM.
Each experimental period consisted of 14 d for adapta-
tion plus 14 d for collection of production data. Sampling
of ruminal digesta and spot sampling of blood, feces,
and urine was done on d 26 and 27 of each period.
Planned contrasts compared included diet A vs. diet B,
diet B vs. diet C, and diet B vs. diet D. There were no
effects of diet on most of the production traits measured.
However, milk yield tended to be higher for diet B vs.
A. Trends were also detected for higher DM intake and
weight gain and lower milk yield/DM intake in cows
fed diet D vs. diet B. Milk lactose content was higher
on diets A and C than on B. Ruminal NH3 was higher
on diet D vs. B, but other ruminal metabolites, apparent
nutrient digestibility, and estimated bacterial CP syn-
thesis did not differ across diets. Blood and milk urea-
N were higher on diets C and D than on B; milk urea-
N was higher on diet B than on A. Increasing dietary
CP from 16.6% (diet B) to 17.6% (diet D) increased
urinary N excretion by 54 g/d and reduced apparent N
efficiency (milk N/N intake) by 2.5 percentage units,
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without altering yield. Under the conditions of this
trial, milk production was not improved by feeding ru-
men-undegraded protein from ESBM or greater
amounts of rumen-degraded protein from SSBM. Feed-
ing more than 16.6% CP depressed N efficiency.
Key words: dietary crude protein, soybean protein,
nitrogen metabolism, nitrogen excretion

INTRODUCTION

Ideally, dietary CP should supply adequate amounts
of RDP for maximal formation of microbial protein that
is of good quality for milk and protein production in
terms of its AA content (NRC, 2001), plus adequate
amounts of RUP with an AA pattern that is complemen-
tary to that of microbial protein for maximal productiv-
ity at minimal N waste. The NRC (2001) model predicts
that the dietary CP concentration required for a specific
level of milk production decreases when RUP is supple-
mented in the diet. If this approach were successful,
efficiency of conversion of dietary N into milk protein
would be improved and economic advantage would be
gained due to reduced feed costs rather than in-
creased production.

Supplementation of RUP has shown inconsistent ef-
fects on milk production when compared with soybean
meal (Santos et al., 1998). However, some RUP sources,
such as expeller soybean meal (ESBM), improved milk
production when fed in diets that contained alfalfa si-
lage (Broderick et al., 1990) or alfalfa silage plus corn
silage (Reynal and Broderick, 2003). Recent studies
(Broderick, 2003; Olmos Colmenero and Broderick,
2006a) have shown that, with diets based on alfalfa
silage and corn silage and supplemented with solvent-
extracted soybean meal (SSBM), maximal milk and
protein production was achieved with about 16.5% CP.
Any further increment in CP content of these diets only
increased urinary N excretion and lowered N efficiency.

Therefore, the objectives of this study were 1) to de-
termine whether production of dairy cows could be
maintained at lower dietary CP and N excretion by
partially replacing SSBM with ESBM, and 2) to test
whether production could be improved by either in-
creasing dietary RUP by partially replacing SSBM with
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ESBM at the same CP level or by increasing the dietary
CP by feeding more SSBM.

MATERIALS AND METHODS

Experimental Procedure

Twenty-eight multiparous Holstein cows averaging
129 DIM (SD 66), 2.8 parity (SD 1.0), 656 kg of BW (SD
43), and 41 kg of milk/d (SD 7) at the start of the trial
were blocked by DIM into 7 groups; cows in 1 group
were fitted with 10-cm ruminal cannulas. Within
groups, cows were randomly assigned to 7 balanced 4
× 4 Latin square diet sequences. Each experimental
period lasted 28 d of which 14 d were for adaptation
and 14 d for collection of production data. Cows were
housed in tie stalls for the duration of the experiment
and had free access to water. Recombinant bST was
injected (500 mg of Posilac, Monsanto, St. Louis, MO)
every 14 d to all animals starting on the first day of the
experiment. Animal care and experimental procedures
met the requirements of the Institutional Animal Care
and Use Committee of the University of Wisconsin-
Madison (Research Animal Resources Center, protocol
# A-07-3400-A00286). For health reasons unrelated to
the experiment, one intact cow was removed during
period 1, and one cannulated cow was removed during
period 3 but immediately replaced.

Experimental diets were fed as TMR and contained
(DM basis) 20% alfalfa silage, 35% corn silage, and 45%
concentrate, of which rolled high-moisture shelled corn
was the main component. Diets differed in the content
of CP and protein supplements (DM basis): diet A)
15.6% CP, 3.7% SSBM, plus 4.5% ESBM (SoyPlus, West
Central Soy, Ralston, IA); diet B) 16.6% CP, 9.6%
SSBM, plus 0% ESBM; diet C) 16.6% CP, 4.6% SSBM,
plus 5.9% ESBM; and diet D) 17.6% CP, 11.7% SSBM,
plus 0% ESBM. The SSBM and ESBM fed in the trial
were estimated to have 30 and 59% RUP, respectively,
using the inhibitor in vitro assay (Broderick et al.,
2004). All diets contained 2.5% roasted soybeans. The
TMR were fed once daily at about 1200 h for ad libitum
intake. Orts were collected and their weights recorded
daily about 1 h before feeding. Amounts of feed offered
were adjusted daily to yield 5 to 10% orts. Samples
(about 0.5 kg) of alfalfa silage, corn silage, rolled high-
moisture shelled corn, and orts were collected daily,
stored at −20°C, and composited weekly. Samples of
SSBM, ESBM, and roasted soybeans were collected
weekly. Subsamples from feeds and orts were dried at
60°C for 48 h and the as-fed compositions of the TMR
were adjusted weekly. Intake of DM was corrected for
orts and recorded daily throughout the experiment.

Once dried, feed subsamples were ground through a
1-mm screen (Wiley mill, Arthur H. Thomas, Philadel-
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phia, PA) and then analyzed for DM at 105°C (AOAC,
1980) and total N (Leco 2000, Leco Instruments, Inc.,
St. Joseph, MI). Diets were adjusted weekly to the de-
sired CP content (total N × 6.25) by only altering dietary
high-moisture corn, SSBM, and ESBM levels to obtain
the target CP concentrations. Subsamples of SSBM and
ESBM from wk 3 and 4 of each period were analyzed
for total fat (method 920.39; AOAC, 1997; Dairyland
Laboratories, Arcadia, WI). Ground feed subsamples
also were analyzed sequentially for NDF and ADF (Van
Soest et al., 1991) using heat-stable amylase and so-
dium sulfite (Hintz et al., 1995) in an Ankom Fiber
Analyzer (Ankom Technology Corp., Fairport, NY). The
N content of NDF residues was analyzed by combustion
assay (Leco Instruments Inc.). Ash and OM contents of
feeds were determined as described by AOAC (1980).
Weekly samples of alfalfa silage and corn silage were
thawed, water extracts prepared (Muck, 1987), and pH
measured. Extracts were then deproteinized and ana-
lyzed for NPN (Muck, 1987) using a combustion assay
(VarioMax CN analyzer; Elementar Analysensysteme
GmbH, Hanau, Germany). The concentration of nutri-
ents for the dietary ingredients reported in Table 1 are
averages from all samples of each ingredient collected
throughout the 16 experimental weeks. The chemical
compositions of the diets reported in Table 2 were com-
puted based on the amounts of DM and nutrients con-
tributed by each feed ingredient to the TMR, and are
averages from all 16 experimental weeks.

Cows were weighed on 3 consecutive days at the be-
ginning and the end of each experimental period. Cows
were milked twice daily and milk weights were recorded
at each milking. On d 20 and 27 of each period, a.m.
and p.m. samples of milk were collected, preserved with
2-bromo-2-nitropropane-1,3-diol, and analyzed for fat,
protein, lactose, and total solids by infrared methods
(AgSource Laboratory, Verona, WI). Composite milk
samples were prepared from each cow each sampling
day by mixing 5-mL subsamples from consecutive a.m.
and p.m. samples. Composites were deproteinized (Sha-
hani and Sommer, 1951) and analyzed for MUN by an
automated colorimetric assay (Broderick and Clayton,
1997) adapted to flow-injection analysis (Lachat Quick-
Chem 8000 FIA; Zellweger Analytical, Milwaukee, WI).

On d 27 of each period, samples of rumen fluid were
collected from two locations in the midventral ruminal
sac of cannulated cows starting at 1200 h (just before
feeding), and at 1, 2, 4, 8, 12, 18, and 24 h after feeding.
Samples were withdrawn using a 60-mL plastic sy-
ringe, which was connected to a metal filter probe. The
probe comprised a filter, which was a cylinder 7.5 cm
long and 1.8 cm in diameter with 1.0 mm diameter
holes, welded to a 1-m metal tube with an internal
diameter of 0.5 cm. The pH of the samples was mea-
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Table 1. Composition of feeds1

Alfalfa silage Corn silage RHMSC SSBM ESBM RSB

Item Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

DM, % 45.5 5.7 31.6 0.8 73.9 1.0 89.2 0.4 90.0 1.1 97.0 0.7
CP, % of DM 22.9 1.4 8.43 0.60 8.41 0.50 55.8 1.3 48.4 1.0 41.2 1.7
Ash, % of DM 12.9 2.5 4.88 0.62 1.42 0.63 6.95 0.85 6.19 0.65 5.20 0.71
NDF, % of DM 39.6 2.3 42.2 2.2 10.0 1.5 8.86 1.16 16.5 1.4 22.4 2.6
ADF, % of DM 29.6 1.6 23.6 1.3 2.33 0.32 4.57 0.78 7.47 0.85 5.11 1.00
NDIN,2 % of DM 0.43 0.09 0.12 0.01 0.06 0.02 0.07 0.02 0.72 0.13 1.50 0.27
pH 4.70 0.13 3.76 0.07 — — — — — — — —
NPN, % of total N 45.8 7.6 57.1 8.9 — — — — — — — —
RUP,3 % of total CP — — — — — — 30 1 59 2 — —
Fat content, % of DM — — — — — — 1.8 0.3 7.0 0.6 — —

1ESBM = Expeller soybean meal; RHMSC = rolled high-moisture shelled corn; RSB = roasted soybeans; and SSBM = solvent-extracted
soybean meal.

2NDIN = Neutral detergent insoluble N.
3RUP estimated using the inhibitor in vitro procedure (Broderick et al., 2004).

sured immediately and 20 mL of rumen fluid was acidi-
fied with 0.4 mL of 50% (vol/vol) sulfuric acid and stored
at −20°C for later analysis of VFA (Brotz and Schaefer,
1987), and total free AA and NH3 concentrations (Brod-
erick et al., 2004).

Table 2. Composition of diets

Diets

Item1 A B C D

(% of DM)
Alfalfa silage 20.0 20.0 20.0 20.0
Corn silage 35.0 35.0 35.0 35.0
RHMSC 32.9 31.5 30.6 29.4
SSBM 3.68 9.58 4.56 11.66
ESBM 4.50 0.00 5.90 0.00
RSB 2.50 2.50 2.50 2.50
Sodium bicarbonate 0.60 0.60 0.60 0.60
Limestone 0.50 0.50 0.50 0.50
Salt 0.20 0.20 0.20 0.20
Vitamin-mineral premix2 0.10 0.10 0.10 0.10
Chemical composition
DM, % 47.4 47.5 47.5 47.6
CP, % of DM 15.6 16.6 16.6 17.6
Ash, % of DM 7.13 7.25 7.24 7.37
NDF, % of DM 27.3 26.9 27.4 26.9
ADF, % of DM 15.4 15.3 15.4 15.3
NDIN, % of DM 0.22 0.20 0.23 0.20
RDP,3 % DM 10.5 11.7 11.1 12.5
RUP,3 % DM 5.1 4.8 5.4 5.1
NFC,3 % of DM 51.1 49.6 50.2 48.6
Discounted TDN,3 % 65.2 64.8 65.1 64.5
NEL,3 Mcal/kg 1.58 1.58 1.58 1.57

1ESBM = Expeller soybean meal; NDIN = neutral detergent insolu-
ble N; RHMSC = rolled high-moisture shelled corn; RSB = roasted
soybeans; SSBM = solvent-extracted soybean meal; TDN = total di-
gestible nutrients.

2Provided per kilogram of DM: 56 mg of Zn, 46 mg of Mn, 22 mg
of Fe, 12 mg of Cu, 0.9 mg of I, 0.4 mg of Co, 0.3 mg of Se, 6,440 IU
of vitamin A, 2,000 IU of vitamin D, and 16 IU of vitamin E.

3Computed using NRC (2001) model based on actual composition
of feeds, actual DMI, milk yield and composition, and overall average
BW of the cows (706 kg).
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Blood was also sampled on d 27 of each period from
the coccygeal artery or vein into heparinized evacuated
tubes from each cow at about 4 h after feeding. Heparin-
ized blood was held on ice until being brought to the
laboratory. Blood was deproteinized by mixing 1.25 mL
of 25% (wt/vol) TCA with 5 mL of whole blood and then
centrifuging (15,000 × g, 4°C, 15 min); supernatants
were stored at −20°C until analyzed for urea (Broderick
and Clayton, 1997).

Urine and fecal grab samples were collected on d 26
of each period about 6 h before and after feeding. Fecal
samples were dried in a forced draft oven at 60°C for
72 h, ground through a 1-mm screen (Wiley mill), equal
amounts of DM from a.m. and p.m. samples from each
cow were mixed, and composites were analyzed for DM,
ash, OM, NDF, ADF, and N as described earlier for
feeds. Total tract apparent digestibility of nutrients was
estimated using the indigestible ADF content (ADF re-
maining after 12-d in situ incubations; Huhtanen et al.,
1994) in feces and TMR as an internal marker. Urine
samples (15 mL) were acidified with 60 mL of 0.072 N
H2SO4 and immediately stored at −20°C. After thawing,
urine samples were analyzed for total N by combustion
assay (VarioMax CN analyzer), and for urea (Broderick
and Clayton, 1997) and creatinine (Oser, 1965) using
flow-injection analysis (Lachat Quick-Chem 8000 FIA).
Urine volume was computed using creatinine as a
marker and assuming creatinine excretion of 29 mg/kg
of BW per day (Valadares et al., 1999). Allantoin (Vogels
and van der Grift, 1970) and uric acid (kit no. 1830,
Thermo DMA) were also determined in urine using
assays adapted to a 96-well plate reader. Bacterial CP
flow from the rumen was computed from urinary allan-
toin as described by Vagnoni et al. (1997) using the
bacterial N:total purine ratio reported by Reynal et
al. (2003).
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Statistical Analyses

All data were analyzed as a Latin square design using
the Proc Mixed procedures of SAS (SAS Institute, 1999).
Model sums of squares for data with only one observa-
tion per cow per period (including production traits that
were single means from the last 14 d of each period)
were separated into overall mean, cow (within square),
square, period, treatment (effect of diet), square × treat-
ment interaction, and overall error. All variables were
considered fixed, except cow (within square) and overall
error, which were considered random. The interaction
term square × treatment was removed from the model
when P > 0.25. Model sums of squares for ruminal data
collected at different times after feeding (pH and con-
centrations of NH3-N, total free AA, and VFA) were
separated into overall mean, cow, period, treatment
(effect of diet), whole plot error, hours postfeeding (re-
peated measures), hours postfeeding × treatment inter-
action, and subplot error. The repeated measures analy-
ses were performed using the SP(POW) structure of
SAS.

RESULTS AND DISCUSSION

Composition of Diets

The alfalfa silage and corn silage averaged 45.5 and
31.6% DM and contained (DM basis) 22.9 and 8.43%
CP, 39.6 and 42.2% NDF, and 29.6 and 23.6% ADF,
respectively (Table 1). The NPN content of alfalfa silage
was 46% of total N, which was lower than the values
normally found for this forage (Broderick, 1995), and
its extract pH was 4.70. Corn silage NPN averaged 57%
of total N and its extract pH was 3.76. These data
indicated that both forages were of high quality. The
lower proportion of NPN in alfalfa silage may have
improved use of CP by the cows (Nagel and Broderick,
1992). Rolled high-moisture shelled corn, SSBM,
ESBM, and roasted soybeans averaged 8.41, 55.8, 48.4,
and 41.2% CP, respectively. The low variation in CP
content of these feeds made it possible to maintain the
diets close to target CP concentrations while keeping
the proportions of SSBM and ESBM almost constant
throughout the trial (Table 2). Dietary NDF levels were
within the ranges recommended by NRC (2001) for
these types of diets. However, dietary ADF averaged
1.7 percentage units lower than the minimum concen-
tration, and estimated NFC averaged 5.9 percentage
units higher than the maximum concentration, recom-
mended by NRC (2001). The higher NFC contents in
all the diets may have stimulated greater microbial
protein formation (Stokes et al., 1991) because ruminal
pH was always above 6 for all experimental diets.
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Production

Generally, the production traits measured in this
trial were not significantly affected (P > 0.05) by diet
(Table 3). However, milk yield tended (P = 0.08) to be
lower for diet A compared with diet B, suggesting that
feeding greater RUP as ESBM would not compensate
for reducing dietary CP from 16.6 to 15.6%. Trends
were also detected for higher DM intake (P = 0.09) and
weight gain (P = 0.10), and lower milk yield/DMI (P =
0.06) in cows fed diet D compared with diet B, indicating
that increased dietary CP promoted higher intake with-
out improving production. Broderick (2003) reported
that DMI of lactating dairy cows increased linearly
when dietary CP was increased from 15.1 to 18.4% of
DM; however, as in the present study, milk yield was
not improved with more than 16.6% CP, resulting in
lower feed efficiency. Similarly, Sannes et al. (2002)
observed a significant increase in DMI when dietary
CP was increased from 17.2 to 19.1%, but milk yield
was not increased. Supplementation with ESBM did
not improve milk yield/DMI, either when the diets dif-
fered (diet A vs. B) or had equal (diet B vs. C) CP
content. Therefore, ESBM and SSBM appeared to have
similar effects on availability of dietary energy. Feeding
RUP as ESBM resulted in a higher (P ≤ 0.03) milk
lactose content.

The lack of effect of ESBM supplementation on DMI
is consistent with previous results. Diets containing
alfalfa silage as the sole forage gave similar DMI when
either ESBM or SSBM were fed at equal CP content
(Broderick et al., 1990; Hoffman et al., 1991) or when
diets containing ESBM had lower CP content (Broder-
ick et al., 1990). Titgemeyer and Shirley (1997) and
Reynal and Broderick (2003) reported no differences in
DMI between cows supplemented with ESBM or SSBM
in diets containing forage from both alfalfa and corn
silage.

Milk production responses to RUP supplementation
from ESBM have been inconsistent. Reynal and Broder-
ick (2003) reported that cows fed diets containing 44%
corn silage and 22% alfalfa silage produced 1.4 kg/d
more milk on ESBM vs. SSBM. Similarly, in 2 out of 3
experiments, Broderick et al. (1990) found that supple-
mentation of ESBM in diets containing alfalfa silage
as the sole forage improved milk production by about
1 kg/d compared with SSBM. In those trials (Broderick
et al., 1990), the NPN in alfalfa silage accounted for
more than 40% of dietary CP. Therefore, the inclusion
of ESBM might have counteracted the adverse effects
from high levels of NPN on CP use (Nagel and Broder-
ick, 1992). In the present experiment, forage NPN con-
tributed on average only 23% of dietary CP across all
diets. Other researchers have reported no benefit in
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Table 3. Effect of dietary protein source (expeller soybean meal, ESBM) and CP concentration on milk
production and composition

Diets1 Contrasts (P-value)

Item A B C D SE2 A vs. B B vs. C B vs. D

Intake of DM, kg/d 25.2 25.6 25.5 26.4 0.7 0.39 0.81 0.09
Milk yield, kg/d 38.8 40.0 40.3 40.1 1.3 0.08 0.68 0.91
3.5% FCM, kg/d 41.1 42.2 42.9 42.7 1.4 0.21 0.44 0.59
Milk/DMI 1.53 1.56 1.58 1.51 0.04 0.23 0.61 0.06
BW gain, kg/d 0.68 0.53 0.53 0.73 0.09 0.23 1.00 0.10
Milk composition and yield
Fat, % 4.03 3.98 4.00 4.00 0.10 0.59 0.79 0.80
Fat yield, kg/d 1.50 1.54 1.57 1.56 0.06 0.37 0.43 0.54
Protein, % 3.23 3.24 3.20 3.28 0.04 0.56 0.14 0.26
Protein yield, kg/d 1.21 1.26 1.24 1.27 0.04 0.11 0.54 0.76
Lactose, % 4.87 4.83 4.89 4.85 0.04 0.03 <0.01 0.34
Lactose yield, kg/d 1.87 1.90 1.92 1.92 0.07 0.44 0.71 0.74
SNF, % 8.99 8.97 8.98 9.01 0.05 0.45 0.67 0.12
SNF yield, kg/d 3.42 3.52 3.51 3.54 0.11 0.26 0.97 0.75

1Diets: A = 15.6% CP, 4.5% ESBM; B = 16.6% CP, 0% ESBM; C = 16.6% CP, 5.9% ESBM; and D = 17.6%
CP, 0% ESBM.

2Standard error of the least squares means.

milk production from supplementing ESBM compared
with SSBM in diets based either on alfalfa silage (Hoff-
man et al., 1991) or alfalfa (silage or hay) plus corn
silage (Ellison Henson et al., 1997; Titgemeyer and
Shirley, 1997).

The lack of dramatic effect of dietary CP content on
production was not surprising. Leonardi et al. (2003)
and Olmos Colmenero and Broderick (2006a) found no
effect (P > 0.05) of increasing dietary CP content on
milk yield. Although milk yield was greater when CP
was increased by 1.5 and 0.9 percentage units on, re-
spectively, diets high in alfalfa silage and corn silage,
Wattiaux and Karg (2004) saw no effect of forage source
or CP level on yields of FCM or milk protein. Moreover,
Olmos Colmenero and Broderick (2006b) observed that
diets ranging from 16.5 to 19.4% CP gave rise to similar
ruminal outflows of total NAN, which may explain the
lack in production response to increasing dietary CP in
these trials. However, Dinn et al. (1998) and Grummer
et al. (1996) reported that milk production of early lacta-
tion cows was increased by 1.4 and 2.1 kg/d when di-
etary CP was increased from 16.7 to 18.3 and from 17.0
to 19.0% of DM, respectively. Most of the cited trials
were reversal studies with periods that were 4 wk or
less in length. In a whole-lactation study, Wu and Sat-
ter (2000) found that feeding 17.4% CP for the first 16
wk after calving, followed by 16.0% CP for the re-
maining 28 wk, maximized yield of FCM. Increasing
dietary CP to as high as 19.3% during the first 16 wk,
or to 17.9% CP during the last 28 wk, did not improve
FCM yield. The NRC (2001) model predicted similar
amounts of MP (2,460 and 2,505 g/d, respectively) and
similar milk production (33 kg/d of MP allowable milk)
for both diets A and B, despite lower CP in diet A,
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because of the extra RUP from inclusion of ESBM. The
NRC (2001) model also predicted greater RUP flow
(1,389 g/d) in cows fed diet C (16.6% CP with ESBM)
that should have increased milk yield 1.5 kg/d compared
with cows fed diet B (16.6% CP without ESBM; 1,238
g/d of predicted RUP flow). However, the lack of effect
of supplemental ESBM in both cases suggested that use
of the extra RUP may have been limited by insufficient
absorption of Met, the AA most limiting in soybean
protein for milk production (Broderick, 1994).

Actual milk yield in this experiment was, on average,
5.9 kg/d greater than what the MP supply predicted by
the NRC (2001) model would allow the cows to produce.
Previously, we observed that the MP allowable milk
predicted by NRC (2001) for 5 diets differing in CP
content was 4.1 kg/d lower than actual milk production
(Olmos Colmenero and Broderick, 2006a). However, the
NRC (2001) model also predicted ruminal outflows of
bacterial CP that were, on average, 31% below the
amounts measured in that trial using 15N as the micro-
bial marker and omasal sampling (Olmos Colmenero
and Broderick, 2006b). These results strongly sug-
gested that underestimation of bacterial CP flow by the
NRC (2001) model was responsible for underpredicting
milk yield in the current study.

Reynal and Broderick (2003) and Ellison Henson et
al. (1997) found no differences in milk fat and protein
content and yield between cows supplemented with
ESBM and SSBM. However, milk protein content some-
times was reduced (Titgemeyer and Shirley, 1997) and
yield of lactose increased (Broderick et al., 1990) in cows
supplemented with ESBM compared with SSBM. The
higher lactose concentration observed in this study on
diets A and C compared with diet B (P ≤ 0.03) may be
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explained by a greater supply of absorbed AA from RUP
of ESBM that would have become available for glucone-
ogenesis (Danfaer, 1994). The alteration in milk lactose
concentration was, however, very small.

In agreement with the present findings, several re-
searchers have reported no effect of dietary CP on milk
fat and protein (the most economically important milk
components) content and yield (Cunningham et al.,
1996; Sannes et al., 2002; Arieli et al., 2004). However,
Broderick (2003) found that yields of fat and protein
were improved by increasing dietary CP from 15.1 to
16.7% but with no further increases at 18.4% CP. Olmos
Colmenero and Broderick (2006a) found that fat and
protein yields showed linear (P = 0.06) and quadratic
(P = 0.09) trends, respectively, when dietary CP was
increased from 13.5 to 19.4%; both traits reached max-
ima (1.18 and 1.24 kg/d, respectively) at 16.5% CP. Milk
protein content has been increased (Broderick, 2003) or
decreased (Leonardi et al., 2003) in response to higher
levels of dietary CP. Higher fat content of milk (Leo-
nardi et al., 2003; Olmos Colmenero and Broderick,
2006a) in response to increasing levels of dietary CP
also has been reported.

Ruminal Metabolites and Total Tract Digestibility

Ruminal concentration of NH3-N was not different
between diets supplemented with ESBM and SSBM;
however, it was significantly higher (P = 0.04) for diet
D compared with diet B (Table 4). Moreover, isovalerate
concentration tended (P = 0.08) to be higher on diet D
than on diet B. Diet D had a higher proportion of SSBM
compared with diet B and, based on NRC (2001) predic-
tions, diet D supplied greater RDP (12.5% of dietary
DM) than diet B (11.7%). Therefore, higher amounts of
AA resulting from protein degradation probably were
deaminated, leading to higher ruminal concentrations
of NH3-N and isovalerate, another by-product of AA
deamination in the rumen. Sannes et al. (2002) found
that concentrations of both NH3 and branched-chain
VFA increased in response to increasing dietary CP
from 17.2 to 19.1%. Olmos Colmenero and Broderick
(2006a) found that the concentrations of ruminal NH3-
N increased linearly from 6.1 to 12.8 mg/dL when di-
etary CP was increased from 13.5 to 19.4%; however,
concentrations of branched-chain VFA only increased
with the first increment, from 13.5 to 15.0%, with no
further response at higher CP. The similar NH3-N con-
centrations on diets A and B in the present study were
surprising because diet A had lower CP, and because
inclusion of ESBM in diet A decreased its predicted
RDP supply (NRC, 2001) by 1.2 percentage units (Table
2). However, if additional MP was not utilized for milk
protein secretion due to inadequate Met (Broderick,
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1994), at least a portion of the N would have recycled
to the rumen as urea.

Other ruminal metabolites were not significantly af-
fected by either ESBM supplementation or by dietary
CP content (Table 4). Results from earlier studies also
showed that inclusion of RUP as ESBM in the diet
resulted in similar ruminal pH and concentrations of
free AA and VFA compared with diets containing
SSBM, either at similar (Broderick et al., 1990; Reynal
and Broderick, 2003) or higher dietary CP contents
(Broderick et al., 1990). However, Ellison Henson et al.
(1997) reported higher acetate and lower propionate
concentrations in ruminal fluid for ESBM compared
with SSBM. As in the present experiment, Grummer
et al. (1996) found no effect on ruminal VFA concentra-
tions when dietary CP was increased. Cunningham et
al. (1996) reported that only acetate increased in re-
sponse to higher dietary CP, whereas Olmos Colmenero
and Broderick (2006a) found that acetate increased lin-
early, and propionate quadratically, when dietary CP
increased from 13.5 to 19.4%.

Ruminal pH for the 4 experimental diets remained
above 6.0 at all 8 time points throughout the daily feed-
ing cycle, indicating that all cows had a satisfactory
ruminal environment for nutrient fermentation, includ-
ing fiber digestion (Hoover, 1986). This probably ex-
plains why apparent total tract digestibility of nutri-
ents was largely unaffected by diet. Others have ob-
served effects of dietary protein on ruminal and total
tract digestibility. Reynal and Broderick (2003) re-
ported that apparent ruminal digestibility of OM and
NDF was not influenced by either dietary CP content
or source (ESBM vs. SSBM); however, apparent total
tract digestibility of DM, NDF, and ADF were signifi-
cantly higher (P < 0.05) for SSBM compared with
ESBM. When both protein supplements were compared
with a lower CP diet, only SSBM promoted the greater
digestion. Olmos Colmenero and Broderick (2006b)
found that apparent ruminal digestibilities of DM, OM,
NDF, and ADF were not different in response to dietary
CP ranging from 13.5 to 19.4%; however, apparent total
tract digestibility of these nutrients showed quadratic
responses to CP, with maxima occurring on diets con-
taining 15.0 to 16.5% CP (Olmos Colmenero and Broder-
ick, 2006b). Broderick (2003) also found that total tract
digestibility of DM and OM was not different on diets
ranging from 15.1 to 18.4% CP, but NDF and ADF
digestibilities were significantly higher on diets con-
taining 18.4% CP than either 15.1 or 16.7% CP. Broder-
ick (2003) suggested that the higher fiber digestibility
at 18.4% CP might have occurred in response to the
higher RDP intake.
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Table 4. Effect of dietary protein source (expeller soybean meal, ESBM) and CP concentration on ruminal metabolites and apparent total
tract digestibility of nutrients

Diets1 Contrasts (P-value)

Item A B C D SE2 A vs. B B vs. C B vs. D

Ruminal metabolites
pH 6.61 6.49 6.57 6.57 0.07 0.13 0.33 0.30
Ruminal NH3-N, mg/dL 7.16 6.87 7.03 9.18 0.99 0.79 0.88 0.04
Total free AA, mM 6.84 8.58 8.45 8.51 1.05 0.25 0.93 0.96
Acetate, mM 53.5 55.8 54.0 55.6 3.8 0.62 0.70 0.96
Propionate, mM 16.6 18.6 15.7 18.4 1.5 0.37 0.19 0.93
Acetate:propionate 3.33 3.24 3.51 3.18 0.15 0.69 0.21 0.75
Butyrate, mM 9.09 9.74 9.62 9.53 1.08 0.65 0.93 0.88
Isobutyrate, mM 1.39 1.26 1.25 1.39 0.11 0.36 0.98 0.34
Valerate, mM 1.52 1.80 1.52 1.47 0.23 0.39 0.40 0.32
Isovalerate, mM 1.44 1.30 1.39 1.63 0.18 0.43 0.61 0.08
Total VFA, mM 83.5 88.5 83.4 88.0 6.3 0.55 0.54 0.95

Apparent total tract digestibility, % of intake
DM 70.6 71.0 71.9 70.9 0.7 0.62 0.28 0.93
OM 72.1 72.7 73.5 72.5 0.7 0.45 0.38 0.75
CP 66.2 67.3 67.7 68.6 1.0 0.35 0.74 0.31
NDF 51.9 51.8 53.5 52.1 1.1 0.92 0.17 0.78
ADF 49.6 50.0 50.7 50.1 1.0 0.72 0.57 0.95

1Diets: A = 15.6% CP, 4.5% ESBM; B = 16.6% CP, 0% ESBM; C = 16.6% CP, 5.9% ESBM; and D = 17.6% CP, 0% ESBM.
2Standard error of the least squares means.

Nitrogen Metabolism

Data on N metabolism are summarized in Table 5.
As expected, N intake was higher for diet B compared
with diet A, similar for diet B and C, and higher for
diet D compared with diet B. Milk protein N was not
affected either by source or level of dietary CP. Higher

Table 5. Effect of dietary protein source (expeller soybean meal, ESBM) and CP concentration on N metabolism

Diets1 Contrasts (P-value)

Item A B C D SE2 A vs. B B vs. C B vs. D

N intake, g/d 629 680 676 744 19 <0.01 0.78 <0.01
Milk protein N, g/d 190 198 195 199 6 0.11 0.56 0.77
Milk protein N, % of N intake 30.1 29.3 28.8 26.8 0.7 0.27 0.50 <0.01
Blood urea-N, mg/dL 12.9 13.7 15.6 16.5 0.4 0.11 <0.01 <0.01
Milk urea-N, mg/dL 8.9 9.8 10.4 12.0 0.2 <0.01 0.01 <0.01
Urinary excretion
Urine volume, L/d 26.8 27.8 29.0 32.1 2.1 0.67 0.62 0.07
Total N, g/d 208 225 241 279 10 0.15 0.17 <0.01
Total N, % of N intake 33.3 33.2 35.7 37.6 1.3 0.97 0.12 <0.01
Urea N, g/d 134 139 165 201 5 0.41 <0.01 <0.01

Urea N, % of total urinary N 64.8 63.8 70.5 75.5 2.2 0.73 0.03 <0.01
Allantoin, mmol/d 509 536 532 558 28 0.42 0.90 0.50
Uric acid, mmol/d 103 118 105 108 9 0.19 0.24 0.38
Purine derivative, mmol/d 610 652 632 674 35 0.30 0.62 0.58

Fecal excretion
DM, kg/d 7.42 7.42 7.19 7.74 0.31 0.99 0.39 0.24
N, g/d 214 222 218 237 10 0.41 0.67 0.14
N, % of N intake 33.9 32.7 32.3 31.4 1.0 0.32 0.76 0.30

Bacterial CP synthesis,3 g/d 3300 3510 3480 3687 224 0.42 0.91 0.50

1Diets: A = 15.6% CP, 4.5% ESBM; B = 16.6% CP, 0% ESBM; C = 16.6% CP, 5.9% ESBM; and D = 17.6% CP, 0% ESBM.
2Standard error of the least squares means.
3Calculation based on allantoin excretion in urine using the regression equation published by Vagnoni et al. (1997) and the bacterial

N:purines ratios reported by Reynal et al. (2003).
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N intake and similar secretion of milk protein N for
cows fed diet D (17.6% CP) compared with cows fed diet
B (16.6% CP) resulted in efficiency (milk protein N/N
intake) being decreased (P < 0.01) from 29.3 to 26.8%.
Olmos Colmenero and Broderick (2006a) and Broderick
(2003) observed linear depressions on N efficiencies
from, respectively, 36.5 to 25.4% and from 30.3 to 23.9%
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when dietary CP increased from 13.5 to 19.4% and from
15.1 to 18.4%. In both studies, milk and protein yields
were maximal at about 16.6% CP with no further im-
provements at higher supplementation. These data
clearly indicated that, when feeding diets based on al-
falfa silage and corn silage with corn grain as the main
starch source and SSBM meal as the main protein sup-
plement, any increment in CP above 16.6% will result in
wastage of dietary N and will contribute to N pollution.

Both BUN and MUN were significantly elevated (P
< 0.01) on diets C and D vs. diet B (Table 5). A similar
concentration pattern for BUN and MUN was expected
because blood urea rapidly equilibrates with milk (Gus-
tafsson and Palmquist, 1993) and because these 2 vari-
ables are highly correlated (Broderick and Clayton,
1997). However, in spite of the fact that BUN was not
different between diet A and diet B, MUN was signifi-
cantly higher for diet B compared with diet A. Higher
concentrations of MUN for diet B compared with diet
A as well as for diet D compared with diet B were
expected because MUN is sensitive to dietary CP level
(Broderick and Clayton, 1997). If it is considered that
high concentrations of BUN indicated inefficient use
of dietary protein (Broderick and Clayton, 1997), then
similar BUN concentrations on diets A and B, and
higher concentrations on diet C than diet B, suggested
that ESBM supplementation contributed MP in the
form of RUP (Table 2; NRC, 2001) that was not utilized
because of insufficient Met content (Broderick, 1994).
Additional MP not utilized for milk protein secretion
but catabolized for gluconeogenesis will contribute to
the urea pool. At least a portion of the N would be
expected to recycle to the rumen and may have contrib-
uted to the similar NH3-N concentrations on diets A,
B, and C (Table 4).

Reynal and Broderick (2003) reported that ESBM
had no effect on BUN compared with SSBM in diets
that contained 44% corn silage and 22% alfalfa silage.
Moreover, when alfalfa silage was sole source of forage
and the experimental diets contained similar CP con-
tents, BUN and MUN were not different in response
to ESBM or SSBM (Broderick et al., 1990).

Urine volume, urinary excretion of purine deriva-
tives, estimated bacterial CP synthesis, and fecal DM
and N excretion were not affected either by source or
level of dietary CP (Table 5). Total urinary N excretion
was not affected by source of protein but it was signifi-
cantly higher (P < 0.01) for diet D vs. diet B. Urinary
excretion of urea N was not different between diets A
and B, but it was higher for diets C and D vs. diet B.
The trend (P = 0.07) for elevated urine volume on diet
D compared with diet B agreed with earlier results
(Olmos Colmenero and Broderick, 2006a) and indicated
the greater urine volumes required for excreting excess
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N in dairy cows (Holter et al., 1982). By increasing
dietary CP from 16.6% on diet B to 17.6% on diet D,
the proportion of N consumed that was excreted in the
urine increased from 33.2 to 37.6%. Urinary urea N
excretion also increased from 139 g/d on diet B to 201
g/d on diet D, representing 63.8 and 75.5% of the total
urinary N. Similar excretions of fecal N on diets B and
D showed that almost all of the extra N consumed by
cows fed diet D was excreted in the urine as urea. The
similar excretions of urinary urea N for diet A and diet
B, and the higher excretion of urinary urea N for diet
C than diet B, may reflect the greater catabolism of MP
from ESBM as discussed earlier.

As expected, allantoin accounted for most of the pu-
rine derivatives excretion, averaging 83% across diets
(Table 5). Bacterial CP synthesis, estimated from uri-
nary allantoin, ranged from 3,300 to 3,687 g/d, and was
not different for any of the contrasts. Therefore, it can
be speculated that the similar milk production on all
diets in this trial resulted in part from similar supplies
of microbial protein.

CONCLUSIONS

Inclusion of RUP from ESBM in a diet with 15.6%
CP (diet A) did not sustain milk production as well as a
diet with 16.6% CP containing greater RDP from SSBM
(diet B). Diets with the same CP content (16.6% DM
basis) but higher RDP (diet B) or higher RUP (diet
C) yielded similar production and nutrient efficiencies,
although RUP supplementation resulted in greater
milk lactose content, BUN and MUN concentrations,
and urinary excretion of urea N. Increasing dietary CP
content from 16.6 to 17.6% by increasing the amount
of SSBM did not improve milk production, increased
urinary N excretion, but tended to increase DMI, re-
sulting in depressed N efficiency and a trend for lower
feed efficiency (milk/DMI). Results from this trial sug-
gested that RUP from ESBM might have been limited
by insufficient absorption of Met. Under the conditions
of this trial, 16.6% CP was adequate to support milk
and protein yields of 40 and 1.25 kg/d, respectively.
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