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ABSTRACT

This experiment was conducted with the objective to
investigate the effects of slow-release urea and rumen-
protected (RP) Met and His supplementation of a
metabolizable protein (MP)-deficient diet (according
to NRC, 2001) on lactation performance of dairy cows.
Sixty lactating Holstein cows were used in a 10-wk ran-
domized complete block-design trial. Cows were fed a
covariate diet for 2 wk and then assigned to one of the
following treatments for an 8-wk experimental period:
(1) MP-adequate diet [AMP; 107% of MP require-
ments, based on the National Research Council (NRC,
2001)]; (2) MP-deficient diet (DMP; 95% of MP re-
quirements); (3) DMP supplemented with slow-release
urea (DMPU); (4) DMPU supplemented with RPMet
(DMPUM); and (5) DMPUM supplemented with
RPHis (DMPUMH). Total-tract apparent digestibility
of dry matter, organic matter, neutral detergent fiber,
and crude protein, and urinary N and urea-N excretions
were decreased by DMP, compared with AMP. Addition
of slow-release urea to the DMP diet increased urinary
urea-N excretion. Dry matter intake (DMI) and milk
yield (on average 44.0 £ 0.9 kg/d) were not affected
by treatments, except DMPUMH increased DMI and
numerically increased milk yield, compared with DM-
PUM. Milk true protein concentration and yield were
increased and milk fat concentration tended to be de-
creased by DMPUMH, compared with DMPUM. Cows
gained less body weight on the DMP diet, compared
with AMP. Plasma concentrations of His and Lys were
not affected by treatments, whereas supplementation
of RPMet increased plasma Met concentration. Plasma
concentration of 3-methylhistidine was or tended to
be higher for DMP compared with AMP and DMPU,
respectively. Addition of RPHis to the DMPUM diet
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tended to increase plasma glucose and creatinine. In
conclusion, feeding a 5% MP-deficient diet (according
to NRC, 2001) did not decrease DMI and yields of milk
and milk components, despite a reduction in nutrient
digestibility. Supplementation of RPHis increased DMI
and milk protein concentration and yield. These results
are in line with our previous data and suggest that His
may have a positive effect on voluntary feed intake and
milk production and composition in high-yielding dairy
cows fed MP-deficient diets.
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dine, dairy cow

INTRODUCTION

The use of rumen-protected (RP) limiting AA for
high-producing dairy cows is generating interest in the
US dairy industry in recent years, particularly with
regard to feeding diets with reduced dietary protein
(Hristov and Giallongo, 2014). Research has consis-
tently demonstrated that lowering protein concentra-
tion of the diet is the most effective strategy to improve
the efficiency of dietary N utilization for milk protein
synthesis and to decrease urinary total and urea N
excretions and consequent ammonia emissions from
dairy farms (Huhtanen and Hristov, 2009; Aguerre et
al., 2010; Hristov et al., 2011). Urinary urea has been
shown to be the main contributor to emissions of am-
monia (Lee et al., 2012b) and nitrous oxide from dairy
manure, thus leading to air and water pollution (US
EPA, 2011). In addition, feeding lower protein rations
can decrease feed costs and improve farm profitability
(Schwab and Ordway, 2004).

In some experiments, the decreased dietary protein
did not affect production performance (Colmenero and
Broderick, 2006; Lee et al., 2012c), whereas in oth-
ers, milk and milk protein yields decreased, primarily
through reduced DMI (Broderick et al., 2009; Lee et
al., 2012a). In some studies, reducing dietary protein
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concentration decreased total-tract fiber digestibility,
primarily attributed to lower RDP supply and ruminal
ammonia concentration (Russell et al., 1992; Allen,
2000). In such situations, a potential strategy is to sup-
plement the diet with a ruminally available source of N,
such as NPN, to mitigate the adverse effects triggered
by the decreased digestibility of dietary fiber (Sinclair
et al., 2008).

Feeding low-protein diets to dairy cows can also cause
production losses due to insufficient supply of specific
AA, thus limiting milk production and milk protein
synthesis (NRC, 2001; Doepel and Lapierre, 2010).
Under these conditions, supplementation with RPMet
and RPLys generally resulted in a slight increase in
milk protein yield (MPY; Patton, 2010; Sinclair et al.,
2014). On the other hand, supplementation of dairy
cow diets with RPLys alone showed no effect on MPY
(Robinson, 2010). Histidine has been identified as a
limiting AA in dairy cows in both European studies
with grass silage-based diets with variable CP concen-
tration (Kim et al., 1999; Vanhatalo et al., 1999) and
North American, corn silage-based diets deficient in
MP (Lee et al., 2012a,c). Lee et al. (2012a) reported
a trend for increased DMI with addition of RPHis to
a MP-deficient diet and suggested that, similarly to
monogastric species, His may exert a positive effect on
feed intake in dairy cows.

For this trial, we hypothesized that slow-release urea
supplementation of a MP-deficient diet would alleviate
the previously observed negative effect on total-tract
fiber digestibility. We also hypothesized that addition
of RPMet and specifically RPHis to a MP-deficient diet
may increase DMI, milk yield, and MPY. Thus, the
objective of this study was to evaluate the effects of
slow-release urea and RPMet and RPHis supplementa-
tion of a MP-deficient diet, according to NRC (2001),
on DMI, milk production and composition, plasma
and muscle AA and His-dipeptide concentrations, and
plasma metabolites in dairy cows.

MATERIALS AND METHODS

The cows involved in this experiment were cared for
in accordance with the guidelines of the Animal Care
and Use Committee at The Pennsylvania State Univer-
sity. The committee approved the experiment and all
procedures carried out in the study.

Animals and Experimental Design

The trial was a randomized complete block design
and was conducted in 2 phases in the tie-stall barn
of The Pennsylvania State University’s Dairy Teach-
ing and Research Center. Phase 1 (January to March
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2013) involved 30 lactating Holstein cows (5 primipa-
rous and 25 multiparous) with the following means
(+SD): milk yield, 43.7 (£7.52) kg/d; DIM, 61 (£20.4)
d; parity 2 (£1.1) lactations; and BW, 645 (£62.8)
kg at the beginning of the study. Phase 2 (April to
June 2013) involved another 30 cows (12 primiparous
and 18 multiparous) with the following means (£SD):
milk yield, 40.0 (+6.61) kg/d; DIM, 114 (+38.5) d;
parity 2 (£1.2) lactations; and BW, 633 (£+77.8) kg
at the beginning of the study. The duration of each
phase of the experiment was 10 wk, including a 2-wk
covariate period, 2 wk of adaptation to the diets, and
6 wk of data collection. During the covariate period,
all cows were fed the main herd diet, which contained
feed ingredients similar to the experimental diets (%
of DM): corn silage, 45.6; alfalfa haylage, 9.9; grass
hay, 5.1; cottonseed hulls, 4.5; corn grain, ground, 10.4;
candy by-product meal, 4.5; whole, heated soybeans,
6.7; canola meal, 5.8; molasses, 4.2; Optigen (Alltech
Inc., Nicholasville, KY), 0.3; and mineral and vitamin
premix, 3. The covariate diet contained (% of DM) CP,
15.0; NDF, 31.4; NFC, 43.9; and ether extract, 4.8. The
experimental diets (Table 1) were formulated using the
NRC (2001) recommendation to meet or exceed the
nutrient requirements, except MP for the MP-deficient
diet (DMP) and DMP diet supplemented with 0.4%
(DM basis) of a slow-release urea source (DMPU), of
a lactating Holstein cow with BW of 650 kg, yielding
45 kg of milk per day with 3.80% milk fat and 3.20%
true protein, at 27 kg/d of DMI. The DMP diet was
formulated to be about 5 to 10% deficient in MP and
RDP (according to NRC, 2001). The DMP diet was
supplemented with slow-release urea (DMPU diet) to
meet the RDP requirements of the cows and alleviate
the potential negative effect of RDP deficiency on ru-
men function. The composition of the diets was the
same in both phases of the experiment. Following the
covariate period, cows within each phase of the trial
were grouped into 6 blocks of 5 cows per block based
on DIM and milk yield. Primiparous cows formed one
block in phase 1. Parity was not considered a blocking
factor in phase 2 of the trial. Within block, cows were
randomly assigned to 1 of the following 5 dietary treat-
ments: (1) MP-adequate diet [AMP; providing 107%
of MP requirements according to the NRC (2001)];
(2) DMP (providing 95% of MP requirements); (3)
DMPU (supplemented with Optigen; providing 92% of
MP requirements); (4) DMPU supplemented with 30
g of RPMet per cow per day [Mepron (RP DL-Met);
Evonik Industries AG, Hanau, Germany; DMPUM;
providing 96% of MP requirements]; and (5) DMPUM
supplemented with 50 g of RPHis per cow per day
(experimental RP 1-His-HCI product; Balchem Corp.,
New Hampton, NY; DMPUMH; providing 95% of
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MP requirements). Diets were fed as TMR twice daily
(0700 and 1400 h), in equal portions, to ensure about
10% daily refusals. The 3 TMR were prepared using a
Kuhn Knight model 3142 Reel Auggie Mixer Wagon
(Kuhn Knight Inc., Brodhead, WI). The RPAA supple-
ments (RPMet and RPHis) were top-dressed and mixed
with a small portion of the DMPU diet at time of the
morning feeding. Cows consume most feed after new
feed delivery and after milking (DeVries et al., 2003),
and although we did not measure RPAA consumption,
it is safe to assume that the supplemented RPAA were
completely consumed. Cows had free access to drinking
water and were milked twice daily at 0500 and 1700 h.

Ruminal degradability of His from the RPHis prod-
uct (the same product used by Lee et al., 2012a) was
determined in situ as described by Lee et al. (2012a),
except 2 cows were used for the rumen incubation and
5 g of RPHis per bag was incubated in the rumen of
the cows for 1, 3, 6, 12, and 24 h. The RPHis prod-
uct and in situ bag residues were analyzed for His at
the University of Missouri-Columbia’s Agricultural
Experiment Station Chemical Laboratory (Columbia,
MO). Based on these data (67% rumen escape) and
assumed 80% intestinal digestibility (see Lee et al.,
2012a), bioavailability of His from the RPHis product
was estimated at 54%. Based on the manufacturer data
and in situ analysis, supplemented RPMet and RPHis
were estimated to provide 18.4 and 11.0 g/cow per day
of digestible Met (dMet) and His (dHis), respectively
(Table 2). The doses and balances of RPMet and RPHis
were calculated assuming dMet and dHis requirements
of 2.2% of MP (Schwab et al., 2005; Lee et al., 2012a).
Balance of digestible Lys was estimated by assuming
digestible Lys requirement of 6.6% of MP (Schwab et
al., 2005). All cows received recombinant bST (Posilac,
Elanco Co., Greenfield, IN; 500 mg) intramuscularly at
14-d intervals.

Sampling and Measurements

Unless indicated otherwise, all analyses described in
this section were performed during both phase 1 and
phase 2 of the study.

Feed intake and milk yield of individual cows were
recorded daily during the entire experiment. The TMR,
and refusals from each diet were sampled twice weekly
and composited (equal-weight basis) by week and treat-
ment. Individual feed ingredients were collected weekly,
stored at —20°C, and then composited per phase. All
samples were dried in a forced-air oven at 55°C for 72
h for DM determination and then ground with a Wiley
Mill (1-mm screen; A. H. Thomas Co., Philadelphia,
PA). Dry matter content of the TMR and refusals
samples was used to calculate DMI from the as-fed
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Table 1. Ingredient and chemical composition of the basal diets fed
in the trial

Diet,' Phase 1 and 2

Ttem AMP  DMP DMPU

Ingredient, % of DM
Corn silage’ 43.3 433 433
Grass hay® 8.0 8.0 8.0
Cottonseed, hulls 3.8 3.8 3.8
Forage 55.1 55.1 55.1
Corn grain, ground 9.9 14.9 14.5
Candy by-product meal* 6.0 6.0 6.0
Soybean seeds, whole, heated” 7.9 7.9 7.9
Canola meal, mechanically extracted® 8.0 8.0 8.0
SoyPLUS’ 7.0 2.0 2.0
Molasses® 3.4 3.4 3.4
Optigen’ — — 0.4
Mineral vitamin premix'’ 2.7 2.7 2.7

Composition, % of DM
cpt? 16.7 14.8 15.8

RDP" 9.2 8.6 9.7
RUP" 7.5 6.2 6.1

NDF! 31.4 30.8 30.8
ADF" 18.9 18.7 18.7
Starch™ 25.7 29.1 28.8
NE.," Mcal/kg 1.60 1.57 1.59
NE}, balance,"” Mcal/d 3.24 3.12 1.81
NFC" 43.0 45.7 44.7
Ash" 5.67 5.43 5.42
Ca'' 0.65 0.63 0.63
p 0.40 0.38 0.38

'AMP = MP-adequate diet; DMP = MP-deficient diet; DMPU = DMP
diet supplemented with Optigen (Alltech Inc., Nicholasville, KY). Two
additional diets were fed in this study: DMPUM = DMPU diet supple-
mented with 30 g of rumen-protected Met (RPMet) per cow per day
(Mepron; Evonik Industries AG, Hanau, Germany); and DMPUMH =
DMPUM diet supplemented with 50 g of rumen-protected His (RPHis)
per cow per day (Balchem Corp., New Hampton, NY).

*Corn silage was 45.1 and 41.3% DM and contained (DM basis) 8.9 and
8.5% CP, 39.1 and 41.7% starch, and 37.5 and 32.1% NDF (phase 1 and
2, respectively).

*Grass hay was 86.2% DM and (DM basis) 6.4% CP and 73.5% NDF
(average of phase 1 and 2).

!Candy by-product meal (Graybill Processing, Elizabethtown, PA) con-
tained (DM basis) 17% CP and 27.8% NDF (average of phase 1 and 2).
’Soybean seeds contained (DM basis) 40.0% CP (average of phase 1 and
2).

SCanola meal contained (DM basis) 42.2% CP (average of phase 1 and
2).

"SoyPLUS (West Central Cooperative, Ralston, TA) contained (DM ba-
sis) 46.9% CP (average of phase 1 and 2).

*Molasses (Westway Feed Products, Tomball, TX) contained (DM basis)
3.9% CP and 66% total sugar.

Optigen is a slow-release urea.

UThe premix (Cargill Animal Nutrition, Cargill Inc., Roaring Spring,
PA) contained (%, as-is basis) trace mineral mix, 0.86; MgO (56% Mg),
8.0; NaCl, 6.4; vitamin ADE premix (Cargill Animal Nutrition, Cargill
Inc.), 0.48; limestone, 37.2; selenium premix (Cargill Animal Nutrition,
Cargill Inc.), 0.07; and dry corn distillers grains with solubles, 46.7. It
also contained the following: Ca, 14.1%; P, 0.39%; Mg, 4.59%; K, 0.44%;
S, 0.39%; Se, 6.91 mg/kg; Cu, 362 mg/kg; Zn, 1,085 mg/kg; Fe, 186 mg/
kg; vitamin A, 276,717 1U /kg; vitamin D, 75,000 IU/kg; and vitamin E,
1,983 IU /kg.

"Values calculated using the chemical analysis (Cumberland Valley
Analytical Services Inc., Maugansville, MD) of individual feed ingredi-
ents of the diet.

2Crude protein content of the DMPUM and DMPUMH diets was 15.9
and 16.0%, respectively.

Estimated based on the NRC (2001).
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Table 2. Effects of slow-release urea and rumen-protected (RP) AA supplementation on feed intake, milk production and composition, and BW in dairy cows

Diet!? Contrast®
Ttem AMP DMP DMPU DMPUM DMPUMH SEM? MP U Met His
DMI, kg/d 27.6 27.0 26.8 26.6 28.3 0.55 0.48 0.82 0.77 0.04
Milk yield, kg/d 43.8 43.7 43.3 42.8 45.3 1.17 0.96 0.82 0.72 0.11
Milk yield/DMI, kg/kg 1.62 1.63 1.63 1.64 1.61 0.041 0.88 0.93 0.92 0.65
Milk fat, % 3.51 3.59 3.57 3.77 3.38 0.18 0.76 0.95 0.38 0.09
Milk true protein, % 3.19 3.14 3.21 3.16 3.26 0.033 0.35 0.17 0.32 0.05
Milk lactose,” % 4.69 4.69 4.74 4.69 4.73 0.036 0.91 0.22 0.24 0.35
MUN, mg/dL 14.5 12.5 13.7 13.7 13.1 0.60 0.02 0.16 0.92 0.39
Milk fat yield, kg/d 1.56 1.51 1.54 1.64 1.53 0.087 0.70 0.81 0.40 0.33
Milk protein yield, kg/d 1.39 1.38 1.39 1.39 1.48 0.035 0.77 0.76 0.89 0.05
Lactose, kg/d 2.07 2.08 2.07 2.06 2.16 0.059 0.88 0.84 0.90 0.18
ECM,° kg/d 41.1 39.8 40.8 41.9 41.7 1.43 0.53 0.61 0.58 0.90
ECM/DMI, kg/kg 1.47 1.48 1.53 1.57 1.46 0.043 0.92 0.43 0.46 0.07
sce? 437 298 261 450 166 71.8 0.69 0.29 0.37 0.10
Milk NE;,” Mcal/d 30.6 29.6 30.4 31.3 31.0 1.07 0.53 0.61 0.57 0.88
BW, kg 652 644 650 657 658 4.6 0.19 0.35 0.31 0.92
BW change,® g/d 289 16 220 203 330 82.2 0.03 0.09 0.88 0.29
BW change, kg 19.7 1.09 15.1 13.5 22.4 5.593 0.03 0.09 0.85 0.28

'AMP = MP-adequate diet; DMP = MP-deficient diet; DMPU = DMP diet supplemented with Optigen (Alltech Inc., Nicholasville, KY); DMPUM = DMPU diet supplemented
with RPMet (Mepron; Evonik Industries AG, Hanau, Germany); DMPUMH = DMPUM diet supplemented with RPHis (Balchem Corp., New Hampton, NY).

*Covariate-adjusted LSM for DMI, milk yield, and milk composition and yields.

SLargest SEM published in table. DMI and milk yield, n = 405; milk yield/DMI, n = 402; BW, n = 394; BW change, n = 57; milk composition data, n = 53 to 59 (n represents
number of observations used in the statistical analysis).

‘MP = DMP vs. AMP; U = DMPU vs. DMP; Met = DMPUM vs. DMPU; and His = DMPUMH vs. DMPUM.

’Statistical analysis was performed on log-transformed data. Outliers were removed based on an absolute studentized residual value >3 (PROC REG of SAS, SAS Institute Inc.,
Cary, NC).

Energy-corrected milk (kg/d) = kg of milk x [(38.3 x % fat x 10 + 24.2 x % true protein x 10 4+ 16.54 x % lactose x 10 + 20.7) + 3,140] (Sjaunja et al., 1990).
"™™ilk NE;, (Mcal/d) = kg of milk x (0.0929 x % fat + 0.0563 x % true protein + 0.0395 x % lactose) (NRC, 2001).
*BW change, g/d = (average BW, final week of trial — average BW, second week of covariate period) + days on trial (around 70 d for most COWS).
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TMR. intake recorded daily. Composited feed-ingredi-
ent samples were sent to Cumberland Valley Analytical
Services (Maugansville, MD) for wet chemistry analyses
of CP, NDF, ADF, starch, ash, Ca, P, and estimated
NFC and NE; (analytical methods are available from
CVAS, 2014). Samples of feed ingredients were also
analyzed for AA (AOAC International, 1995; European
Commission, 2009) by Evonik Industries AG. Performic
acid oxidation was used for Met and Cys analysis, and
Trp was analyzed after alkaline hydrolysis. Composite
TMR samples were analyzed for indigestible NDF' as
described by Lee et al. (2012a). The chemical composi-
tion of the diets (i.e., CP, NDF, ADF, starch, ash, Ca,
and P) was calculated by using the analyzed chemical
composition of the individual feed ingredients and their
inclusion in the TMR (Table 1). The RDP, RUP, NE
and NE; balance, and NFC were estimated based on
the NRC (2001) using actual DMI, milk yield, milk
composition, and BW of the cows throughout the trial.

Eight spot fecal and urine samples were collected on
3 consecutive days (1000, 1600, and 2200 h on d 1;
0400, 1300, and 1900 h on d 2; and 0100 and 0800 h
on d 3) during wk 6 and 8 of the experimental period.
Fecal samples were processed and analyzed for DM,
OM, CP, NDF, and ADF as described in Lee et al.
(2012a). Composite fecal samples were also analyzed
for starch using an enzymatic-colorimetric procedure
(Bach Knudsen, 1997). Urine samples were processed
and analyzed for allantoin, uric acid, creatinine, urea-
N, and total N as reported by Lee et al. (2012a).
Total-tract apparent digestibility of nutrients (i.e., DM,
OM, NDF, ADF, CP, and starch) was estimated using
indigestible NDF as an internal digestibility marker,
and microbial N outflow from the rumen was estimated
based on urinary excretion of purine derivatives (Lee et
al., 2012a).

Blood samples were collected from the tail vein or ar-
tery into heparinized tubes at 6, 10, and 14 h after the
morning feeding on d 3 of wk 2 of the covariate period
and wk 6 and 8 of the experimental period. Blood sam-
ples were immediately centrifuged (1,500 x g for 15 min
at 4°C), and plasma was stored at —20°C until analy-
sis. Aliquots of the plasma samples were composited
on an equal-volume basis per cow and week, samples
from wk 6 and 8 were composited, and the composite
samples were analyzed for urea-N (Stanbio Urea Nitro-
gen Kit 0580; Stanbio Laboratory Inc., Boerne, TX);
insulin (Coat-A-Count; Siemens Healthcare Diagnos-
tics Inc., Los Angeles, CA); and glucose, creatinine,
and creatinine kinase (Idexx VetTest Chemistry; Idexx
Laboratories Inc., Westbrook, ME). Plasma was also
analyzed for concentrations of AA, 3-methylhistidine
(3-MH), and the dipeptides carnosine and anserine
at the University of Missouri-Columbia’s Agricultural
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Experiment Station Chemical Laboratory following the
procedures of Deyl et al. (1986) and Fekkes (1996).

Muscle biopsies of longissimus dorsi were collected
from all cows in phase 1 and from 15 randomly se-
lected cows (3 cows per treatment) in phase 2, at the
end of the experimental period (wk 8). Of the cows
selected for biopsy in phase 2, 10 were primiparous and
5 multiparous (not evenly distributed by parity among
treatments). Biopsies were performed while animals
were immobilized in a cattle chute. The surgical area
(between the 12th and 13th transverse processes on the
left side of the animal) was shaved and disinfected by
alternating scrubs of 7.5% povidone iodine and 99%
isopropyl alcohol. Muscle samples were obtained after
local anesthesia (8 mL of 2% lidocaine-HCl, Phoenix
Pharmaceuticals Inc., St. Joseph, MO) by performing
a l-cm incision through the skin and underlying soft
tissue to expose the muscle with a sterile scalpel blade.
An 8-mm sterile biopsy punch (Miltex Inc., York, PA)
was used to remove a portion of the muscle, and then
the skin was closed with a simple interrupted absorb-
able suture. Tissues (at least 0.5 g per cow) were
immediately weighed, frozen in liquid N,, and stored
at —80°C until analysis. Concentrations of AA and
dipeptides in muscle tissue were analyzed as described
above for plasma AA. Before analysis, tissue samples
were homogenized in ice-cold homogenization buffer as
described by Korzick et al. (2013).

Milk samples were collected from 2 consecutive milk-
ings (p.m. and a.m.) during wk 2 of the covariate period
and wk 4, 6, and 8 of the experimental period. One ali-
quot of each sample was placed in tubes with a preser-
vative (2-bromo-2-nitropropane-1,3-diol) and analyzed
by Dairy One laboratory (Pennsylvania DHIA, Univer-
sity Park, PA) for fat, true protein, lactose, and MUN
(AOAC, 1990; method no. 972.16) using a MilkoScan
4000 (Foss Electric A/S, Hillerad, Denmark). Another
aliquot was placed in tubes without preservative and
stored at —20°C until analysis for milk FA composition
as described by Hristov et al. (2010). Milk composition
data of consecutive milking samples were weighted for
the amount of milk per milking and averaged by sam-
pling week and experimental phase, and the average
values were used in the statistical analysis.

Cow BW was recorded daily during the entire experi-
ment using AfiFarm 3.04E scale system (S.A.E. Afikim,
Rehovot, Israel) when cows exited the milk parlor. For
the statistical analysis, BW data collected during the
data-collection period of the trial (i.e., wk 3 to 8) were
used. Cow BW change was calculated as the difference
between average BW during the second week (i.e., 7
measurements) of the covariate period and the last
week (wk 8; i.e., 7 measurements) of the experimental
period.
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Statistical Analysis

All data were analyzed using SAS software (SAS In-
stitute Inc., 2002-2012). All responses were assessed for
distributional properties such as normality, skewness,
and type (discrete vs. continuous). For most variables
measured, an assumption of normality was appropriate.
For some variables, appropriate nonnormal distribu-
tions were assumed (Stroup, 2014).These variables were
milk lactose concentration—gamma, SCC—Poisson,
urinary uric acid excretion—lognormal, some milk FA
data—gamma or (3, and some plasma and muscle AA
data—Tlognormal distribution. All responses were mod-
eled using a generalized linear mixed model (GLMM)
approach using the SAS procedure GLIMMIX (Stroup,
2012). Blocks were assumed random effects, whereas
phase, treatment, and experimental week were assumed
fixed. For repeated-measures data, an autoregressive
lag 1 correlation structure was used. Comparisons of
means were carried out using preplanned single-degree-
of-freedom contrasts as follows: MP = the DMP versus
AMP; U = DMPU versus DMP; Met = DMPUM ver-
sus DMPU; and His = DMPUMH versus DMPUM. All
data are presented as least squares means or covariate-
adjusted least squares means. Significant differences
were declared at P < 0.05. Differences at 0.05 < P <
0.10 were considered a trend toward significance.

RESULTS

The NDF and ADF concentrations were similar
among diets; however, the DMP and DMPU diets had
higher starch and NFC concentrations compared with
the AMP diet, because of the higher corn grain and
lower SoyPLUS (West Central Cooperative, Ralston,
IA) inclusion (to create the different MP levels). All
experimental diets supplied NE; in excess of cow re-
quirements (NRC, 2001).

Dry matter intake (during the entire data-collection
period of the trial, i.e., wk 3 through wk 8) was in-
creased (P = 0.04) and milk yield was numerically
greater (P = 0.11) for DMPUMH compared with DM-
PUM (Table 2). No other differences among treatments
in DMI or milk yield and in feed efficiency, milk NE;,
milk fat, lactose, and ECM yields were observed. Milk
fat concentration tended to be decreased (P = 0.09)
for DMPUMH versus DMPUM. Milk true-protein con-
centration and yield were increased (P = 0.05) with
DMPUMH compared with DMPUM. Concentration of
MUN was decreased (P = 0.02) by DMP compared
with AMP. Because of the trend for decreased milk fat
concentration and higher DMI with RPHis supplemen-
tation, ECM feed efficiency tended to be decreased (P
= 0.07) by DMPUMH versus DMPUM. Somatic cell

3297

count tended to be lower (P = 0.10) with DMPUMH
than DMPUM. Cows fed DMP had or tended to have
lower BW gain than cows fed AMP (P = 0.03) or
DMPU (P = 0.09).

Table 3 reports predicted protein fractions and AA
balance based on the NRC (2001) using the experimen-
tal data (DMI, milk yield, milk composition, and BW)
of individual cows. As expected, the AMP diet met or
exceeded the MP requirements of the cows, whereas the
DMP and the 3 DMPU diets were deficient in MP (ac-
cording to the NRC, 2001). The AMP and DMP diets
were estimated to be deficient in RDP; the 3 DMPU di-
ets were also about 2% deficient in RDP. The predicted
RUP balance was positive for AMP and negative for
DMP and the DMPU diets. The RPMet-supplemented
diets (DMPUM and DMPUMH) met the requirements
of dMet according to Schwab et al. (2005). The esti-
mated (NRC, 2001) dMet supply for the AMP diet was
about 19% below, whereas dMet supply for DMP and
DMPU was on average about 25% below the suggested
requirements (Schwab et al., 2005). Assuming dHis re-
quirements of 2.2% of MP (Lee et al., 2012a), the AMP
diet met dHis requirements, whereas DMP, DMPU,
and DMPUM were estimated to be about 9, 12, and
8% deficient in dHis, respectively. Rumen-protected
His supplementation of the DMPUMH diet provided
adequate amounts of dHis compared with the assumed
requirements (4+7%). The diets were about 5, 14, and
on average 12% digestible-Lys deficient (AMP, DMP,
and the 3 DMPU diets, respectively; based on Schwab
et al., 2005).

Intakes of DM, OM, NDF, and ADF (during the
fecal and urine collection periods) were not affected
by treatments (Table 4). Crude protein intake tended
to be lower (P = 0.08) for the DMP diet compared
with AMP and was not affected by slow-release urea
and RPAA supplementation. Because of lower starch
concentration of the AMP diet (Table 1), starch intake
was higher (P = 0.03) for the DMP and DMPU diets
than AMP. Total-tract apparent digestibilities of DM,
OM, NDF, and CP were decreased (P < 0.001 to 0.05)
by the DMP diet compared with AMP. Crude-protein
digestibility was higher (P = 0.02) and NDF digestibil-
ity was numerically lower (P = 0.11) for DMPU versus
DMP. Digestibilities of CP and starch were or tended
to be decreased (P = 0.04 and 0.07, respectively) by
DMPUM compared with DMPU. Digestibility of ADF
tended to be decreased (P = 0.09) by DMPUMH versus
DMPUM.

Concentrations of 15:0 and 17:0 FA in milk fat were
increased (P = 0.04 and 0.03, respectively) by DMPUM
compared with DMPU, and tended (P = 0.10) or were
(P < 0.01) decreased, respectively, with DMPUMH ver-
sus DMPUM (Table 5). Concentrations of 14:1 tended
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Table 3. Slow-release urea and rumen-protected (RP) AA supplementation of the diets and protein and AA balance' during the trial

Diet?
Ttem AMP DMP DMPU DMPUM DMPUMH
Supplementation of the basal diets
Slow-release urea, % of DM — — 0.4 0.4 0.4
RPMet, g/d — — — 30 30
RPHis, g/d — — — — 50
Protein and AA balance,*" g/d
MP
Requirements 3,026 2,974 3,051 2,905 3,203
Supply 3,232 2,829 2,807 2,790 3,039
Balance 206 —145 —244 —116 —164
RDP and RUP
RDP supply 2,531 2,406 2,565 2,564 2,754
RDP balance —204 —346 —64 —63 —61
RUP supply 2,082 1,727 1,602 1,582 1,749
RUP balance 248 —181 —303 —144 —204
dMet
Requirements’ 67 65 67 64 70
Supply from the diet 54 49 50 50 54
Supply from RPMet® — — — 18 18
Balance —13 —16 —17 4 2
dHis
Requirements® 67 65 67 64 70
Supply from the diet 67 59 59 59 64
Supply from RPHis” — — — — 11
Balance 1 —6 -8 -5 5
dLys
Requirements” 200 196 201 192 211
Supply from the diet 190 169 173 172 186
Balance —10 —28 —28 —19 —25

'All values were estimated using NRC (2001) recommendations based on actual averaged DMI, milk yield, milk composition, and BW of indi-
vidual cows during 6 wk of data collection (i.e., wk 3 to 8).

AMP = MP-adequate diet; DMP = MP-deficient diet; DMPU = DMP diet supplemented with Optigen (Alltech Inc., Nicholasville, KY);
DMPUM = DMPU diet supplemented with RPMet (Mepron; Evonik Industries AG, Hanau, Germany); DMPUMH = DMPUM diet supple-
mented with RPHis (Balchem Corp., New Hampton, NY).

*Because of rounding, balance may not exactly match requirements and supply; dMet, dHis, and dLys = digestible Met, His, and Lys, respec-
tively.

‘Requirements of dMet and dLys were calculated as 2.2 and 6.6%, respectively, of MP requirements. Requirements of dHis were assumed as 2.2%
of MP requirements (see Materials and Methods section).

"Digestible Met and His from RPMet, and RPHis, respectively, were estimated from Met and His content and bioavailability data provided by
the manufacturer or determined in situ (in the case of RPHis): 85% Met and 72% bioavailability (RPMet), and 42% His and 54% bioavailability

(67% rumen escape and assumed 80% intestinal digestibility; RPHis).

to be decreased by DMP compared with AMP (P =
0.06) and DMPU (P = 0.09), whereas 18:3 tended to
be decreased (P = 0.07) by DMPU versus DMP. Con-
centrations of other milk FA were not different between
treatments. We observed phase x treatment interaction
for 18:3 (P = 0.02), but no consistent differences were
detected in 18:3 between phase 1 and 2 when the data
were analyzed by phase.

Plasma Arg and Asp concentrations were higher (P
= 0.02 and 0.04, respectively) for DMPUMH compared
with DMPUM (Table 6). Concentrations of Arg and
Trp were lower (P = 0.05 and <0.01, respectively) for
DMPU than DMP. Plasma His concentration was not
affected by treatment. Concentration of Met was in-
creased (P = 0.01) by DMPUM compared with DMPU.
Concentration of Phe was increased by DMP (P < 0.01)
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and DMPUM (P = 0.05) compared with DMPU, and
concentration of Ser tended to be increased (P = 0.06)
by DMP compared with AMP. Plasma Ile concentra-
tion tended to be decreased (P = 0.07) and Val was
decreased (P = 0.05) with DMP versus AMP. Plasma
concentration of 3-MH was or tended to be increased by
DMP compared with AMP (P < 0.01) and DMPU (P
= 0.06). Plasma Arg had a treatment x phase interac-
tion (P = 0.05), but examination of the data by phase
revealed similar trends for both experimental phases.
Concentrations of AA in longissimus dorsi tissue are
presented in Table 7. Muscle concentrations of Ala, Ser,
and Thr were decreased (P = 0.01 to 0.04) for DMPUM
versus DMPU. Muscle anserine level was increased (P
= 0.02) by DMPU compared with DMP. Concentra-
tion of muscle Glu was decreased (P = 0.02), and Asp
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Table 4. Effects of slow-release urea and rumen-protected (RP) AA supplementation on intake and total-tract apparent digestibility of nutrients

in dairy cows

Diet’ Contrast®
Ttem AMP DMP DMPU DMPUM DMPUMH SEM? MP U Met His
Nutrient intake," kg/d
DM 27.6 28.0 26.4 26.3 28.6 1.26 0.84 0.36 0.94 0.18
OM 24.8 25.3 23.8 23.7 25.7 1.13 0.73 0.32 0.93 0.18
NDF 8.76 8.96 8.19 8.15 8.85 0.397 0.70 0.15 0.94 0.19
ADF 5.59 5.82 5.43 5.40 5.87 0.261 0.52 0.26 0.94 0.18
Cp 4.62 4.14 4.18 4.15 4.51 0.200 0.08 0.90 0.94 0.18
Starch 7.10 8.14 7.61 7.58 8.23 0.351 0.03 0.26 0.93 0.16
Apparent digestibility, %
DM 73.4 72.0 71.9 71.0 70.5 0.41 0.02 0.90 0.13 0.35
OM 73.0 1.7 71.4 70.6 70.1 0.44 0.04 0.65 0.20 0.36
NDF 49.6 47.0 44.9 44.9 43.3 0.91 0.05 0.11 0.95 0.24
ADF 43.1 42.8 41.2 41.2 38.9 0.93 0.74 0.27 0.98 0.09
CP 72.9 68.4 71.3 68.8 69.6 0.85 <0.001 0.02 0.04 0.49
Starch 98.0 98.0 98.2 97.6 97.4 0.26 0.97 0.54 0.07 0.61

'"AMP = MP-adequate diet; DMP = MP-deficient diet; DMPU = DMP diet supplemented with Optigen (Alltech Inc., Nicholasville, KY);
DMPUM = DMPU diet supplemented with RPMet (Mepron; Evonik Industries AG, Hanau, Germany); DMPUMH = DMPUM diet supple-

mented with RPHis (Balchem Corp., New Hampton, NY).

2Largest SEM published in table; n = 60 (n represents number of observations used in the statistical analysis).
SMP = DMP vs. AMP; U = DMPU vs. DMP; Met = DMPUM vs. DMPU; and His = DMPUMH vs. DMPUM.

‘Intake data are for experimental wk 6 and 8.

and carnosine concentrations tended (P = 0.06 to 0.08)
to be decreased, respectively, for DMPUMH compared
with DMPUM. Concentrations of Gln and Gly were
(P = 0.02) or tended (P = 0.06), respectively, to be
increased with DMPUMH versus DMPUM. Muscle
Gln, Gly, Lys, and Tyr concentrations tended to be de-
creased (P = 0.06 to 0.08) by DMPUM versus DMPU.
Muscle 3-MH concentration was numerically higher (P
= 0.11) with DMP versus AMP and was decreased (P
= 0.04) by DMPUM compared with DMPU.

Concentration of blood glucose and creatinine tended
to be higher (P = 0.07 to 0.09) with DMPUMH versus
DMPUM (Table 8). Plasma glucose and insulin levels
were numerically increased (P = 0.12 to 0.15) with
DMP compared with AMP. Blood urea-N was numeri-
cally decreased (P = 0.12) with DMP compared with
AMP. Creatinine concentration was numerically higher
(P = 0.13) for DMP versus AMP and for DMPUM
compared with DMPU.

Nitrogen intake tended to be decreased (P = 0.08)
by DMP compared with AMP during the fecal and
urine collection periods (Table 9). Milk true-protein N
secretion tended to be higher (P = 0.09) for DMPUMH
than DMPUM. Estimated excretion of urinary N and
urea-N (UUN) were decreased (P < 0.001) by 32 and
42%, respectively, with DMP versus AMP. Compared
with DMP, the DMPU diet increased (P < 0.001) by
55% UUN excretion and numerically increased (P =
0.13) urinary N excretion. Excretion of UUN as a per-
centage of total urinary N was lowered (P < 0.001) by
DMP compared with AMP and DMPU (47, 58, and

64%, respectively). This variable was also decreased
(P < 0.01) by DMPUMH compared with DMPUM.
Fecal N excretion tended to be increased (P = 0.08)
by DMP versus AMP. Total N losses with feces and
urine were not affected by treatments. As a proportion
of N excretion, urinary N was decreased and fecal N
was increased with DMP compared with AMP (P <
0.001) and DMPU (P = 0.01). As a proportion of N
intake, milk true-protein N secretion was increased (P
= 0.04) and urinary N excretion was decreased (P <
0.01) by DMP compared with AMP. Fecal and total N
excretion as a proportion of N intake were increased
with DMP versus AMP (P < 0.001) and DMPU (P <
0.01 and 0.03, respectively) and were higher (P = 0.04
and <0.01, respectively) for DMPUM than DMPU.
Urine output, creatinine concentration and excretion,
and urine output of purine derivatives and estimated
microbial N outflow were not affected by treatments.
There were treatment x phase interactions for urinary
N excretion (P = 0.04), UUN as a proportion of total
urinary N (P < 0.001), and fecal and total N excretion
as proportion of N intake (P = 0.03 and 0.02, respec-
tively). However, analysis of the N excretion data by
phase showed similar trends between phase 1 and 2 of
the experiment. We observed an overall trend (P >
0.03) for lower excretion of urinary N and UUN dur-
ing phase 2, perhaps partly due to the slightly higher
starch and lower NDF content of the corn silage fed
in phase 2 versus phase 1, which may have enhanced
ammonia N utilization in the rumen in phase 2 of the
study (Hristov et al., 2005).
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Table 5. Effects of slow-release urea and rumen-protected (RP) AA supplementation on milk FA composition (g/100 g of total FA) in dairy

GIALLONGO ETAL.

cows
Diet'? Contrast”

FA AMP DMP DMPU DMPUM DMPUMH SEM? MP U Met His

4:0 3.33 3.55 3.18 3.22 3.06 0.228 0.47 0.23 0.87 0.57
6:0 1.76 1.93 1.76 1.86 1.74 0.154 0.42 0.45 0.64 0.53
8:0 1.01 1.11 1.07 1.13 1.05 0.098 0.44 0.74 0.65 0.55
10:0 2.40 2.64 2.70 2.82 2.64 0.245 0.42 0.87 0.71 0.59
12:0 2.92 3.05 3.24 3.29 3.19 0.237 0.63 0.54 0.87 0.74
14:0 9.11 9.29 9.73 9.67 9.62 0.315 0.66 0.31 0.88 0.91
14:1 1.05 0.80 1.03 0.88 1.06 0.117 0.06 0.09 0.33 0.22
15:0 0.89 0.98 0.98 1.21 1.02 0.083 0.40 0.97 0.04 0.10
16:0 23.8 24.3 24.1 24.2 23.6 0.68 0.57 0.80 0.88 0.47
16:1 1.66 1.40 1.52 1.40 1.82 0.217 0.31 0.65 0.63 0.11
17:0 0.38 0.41 0.40 0.44 0.38 0.014 0.16 0.47 0.03 <0.01
18:0 9.86 10.4 9.85 9.73 9.22 0.659 0.51 0.52 0.88 0.52
18:1 trans-4 0.03 0.03 0.03 0.03 0.03 0.002 0.41 0.62 0.93 0.71
18:1 trans-5 0.02 0.03 0.03 0.03 0.03 0.002 0.56 0.55 0.62 0.43
18:1 trans-6-8 0.49 0.45 0.51 0.47 0.50 0.060 0.51 0.35 0.52 0.61
18:1 trans-9 0.38 0.36 0.39 0.37 0.39 0.034 0.52 0.50 0.65 0.52
18:1 trans-10 1.74 1.13 1.50 1.48 1.54 0.481 0.31 0.53 0.98 0.91
18:1 trans-11 1.08 1.13 1.17 1.13 1.21 0.089 0.64 0.75 0.68 0.47
18:1 trans-12 0.52 0.54 0.56 0.53 0.56 0.032 0.65 0.66 0.58 0.51
18:1 ¢is-9 25.5 24.5 24.3 24.1 24.8 0.99 0.48 0.90 0.88 0.61
18:1 cis-11 1.67 1.64 1.76 1.76 1.84 0.096 0.82 0.37 1.00 0.57
18:2 ¢is-9,cis-12 4.12 4.15 3.95 4.05 4.23 0.125 0.84 0.20 0.47 0.20
20:0 0.09 0.10 0.10 0.10 0.09 0.006 0.18 0.76 0.99 0.29
18:3° 0.41 0.40 0.38 0.38 0.39 0.009 0.58 0.07 0.48 0.43
CLA cis-9,trans-11 0.52 0.52 0.53 0.51 0.59 0.039 0.91 0.78 0.73 0.17
CLA trans-10,cis-12 0.02 0.02 0.02 0.03 0.04 0.009 0.85 0.76 0.19 0.82
trans-10/trans-11 1.66 0.94 1.34 1.32 1.28 0.516 0.18 0.49 0.96 0.95
trans 10 + trans-11 2.81 2.28 2.69 2.57 2.71 0.433 0.31 0.44 0.83 0.80
Total trans FA 4.28 3.69 4.22 4.01 4.23 0.563 0.39 0.44 0.76 0.75
3 SFA 55.6 57.8 57.1 57.7 55.7 1.75 0.36 0.78 0.81 0.39
¥ MUFA 33.1 31.1 31.8 31.1 32.7 1.50 0.33 0.73 0.73 0.41
3 PUFA 4.49 4.54 4.32 4.43 4.62 0.140 0.77 0.22 0.49 0.23

'"AMP = MP-adequate diet; DMP = MP-deficient diet; DMPU = DMP diet supplemented with Optigen (Alltech Inc., Nicholasville, KY);
DMPUM = DMPU diet supplemented with RPMet (Mepron; Evonik Industries AG, Hanau, Germany); DMPUMH = DMPUM diet supple-

mented with RPHis (Balchem Corp., New Hampton, NY).

“Statistical analysis was performed on log-transformed data. Outliers were removed based on an absolute studentized residual value >3 (PROC

REG of SAS, SAS Institute Inc., Cary, NC).

*Largest SEM published in table, n = 21 to 58 (n represents number of observations used in the statistical analysis).
‘MP = DMP vs. AMP; U = DMPU vs. DMP; Met = DMPUM vs. DMPU; and His = DMPUMH vs. DMPUM.

Experimental phase x treatment interaction (P = 0.02).

DISCUSSION

We did not observe a reduction in DMI with the
DMP and DMPU diets in this experiment. Colmen-
ero and Broderick (2006) and Kalscheur et al. (2006)
also did not report a decline in DMI with even more
dramatic reduction in dietary CP (from 19.4 to 13.5%
and from 17.1 to 12.3%, respectively). Our previous ex-
periment (Lee et al., 2012a) on the other hand, showed
a decrease in DMI of 1.5 kg when dietary CP was
decreased from 15.7 to 13.5%, representing a 13% de-
ficiency of MP. Similar trends were observed by Haque
et al. (2012), and a meta-analysis by Huhtanen and
Hetta (2012) reported decreased feed intake and milk
yield with reduced dietary protein intake. In agreement
with Lee et al. (2012a,c), total-tract apparent digest-
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ibility of nutrients, in particular NDF, was decreased
by the DMP diet in the current trial. The reduction
in DMI in dairy cows fed RDP-deficient diets is com-
monly attributed to decreased digestibility of fiber in
the rumen (Allen, 2000), due to the lower supply of am-
monia to the fibrolytic bacteria (Russell et al., 1992).
However, diets up to 10% deficient in RDP with a CP
concentration of about 15% may be sufficient to pre-
vent the decrease in DMI, even when fiber digestibility
or microbial protein synthesis are negatively affected
(Hristov and Giallongo, 2014). Consistent with these
conclusions, in the current and other studies (Boucher
et al., 2007; Lee et al., 2011a), DMI was not affected
by dietary RDP levels below NRC (2001) requirements.
Inaccurate estimation of feed RDP and unaccounted
urea-N recycling have been suggested to contribute to
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Table 6. Effects of slow-release urea and rumen-protected (RP) AA supplementation on blood plasma AA and dipeptide concentrations (M)

in dairy cows

Diet'? Contrast”
Item AMP DMP DMPU DMPUM DMPUMH SEM? MP U Met His
Ala 241 261 266 255 259 12.2 0.21 0.60 0.38 0.62
Anserine’ 0.84 0.92 0.78 0.91 0.86 0.122 0.88 0.77 0.37 0.84
Arg® 87.4 81.3 73.8 75.7 84.9 3.00 0.23 0.05 0.63 0.02
Asn 27.3 29.5 29.8 27.6 27.0 1.69 0.62 0.77 0.32 0.68
Asp 11.1 11.2 10.0 9.49 11.9 0.85 0.82 0.40 0.41 0.04
Carnosine’ 11.2 11.1 11.7 11.6 11.8 0.55 0.87 0.30 0.83 0.76
Cit 72.3 67.9 63.9 60.1 64.4 3.00 0.29 0.33 0.36 0.30
Cys 0.67 0.69 0.66 0.66 0.65 0.039 0.86 0.58 0.88 0.94
Gln 132 139 149 149 150 7.2 0.38 0.32 0.94 0.84
Glu 111 121 121 110 120 5.9 0.22 0.95 0.24 0.34
Gly 243 279 292 268 272 25.5 0.26 0.51 0.18 0.60
His 44.3 48.8 43.8 43.8 44.3 3.63 0.41 0.33 0.83 0.94
Ile 126 110 103 103 110 54 0.07 0.39 0.97 0.35
Leu 152 142 127 133 139 7.1 0.31 0.22 0.50 0.63
Lys 76.2 77.0 70.4 71.5 4.7 3.25 0.89 0.17 0.80 0.36
Met 18.5 19.9 20.9 25.2 26.4 1.17 0.41 0.33 0.01 0.47
Orn 47.4 49.8 45.4 47.3 47.4 2.57 0.51 0.22 0.60 0.96
Phe 43.7 45.8 38.0 41.5 42.5 1.34 0.35 <0.01 0.05 0.64
Pro 79.9 85.7 84.1 82.2 81.2 3.62 0.37 0.98 0.58 0.99
Ser 80.6 90.3 86.4 83.6 85.4 3.58 0.06 0.49 0.38 0.61
Thr 94.2 105 103 98.1 98.9 5.73 0.16 0.75 0.37 0.65
Trp 105 106 92.7 91.6 93.1 2.64 0.76 <0.01 0.77 0.70
Tyr 48.7 49.6 43.7 47.2 48.6 2.34 0.94 0.18 0.25 0.76
Val 252 218 209 211 227 10.7 0.05 0.68 0.85 0.33
3-Methylhistidine 3.20 4.19 3.43 3.52 3.25 0.24 <0.01 0.06 0.94 0.38

'AMP = MP-adequate diet; DMP = MP-deficient diet; DMPU = DMP diet supplemented with Optigen (Alltech Inc., Nicholasville, KY);
DMPUM = DMPU diet supplemented with RPMet (Mepron; Evonik Industries AG, Hanau, Germany); DMPUMH = DMPUM diet supple-

mented with RPHis (Balchem Corp., New Hampton, NY).

“Statistical analysis was performed on log-transformed data. Outliers were removed based on an absolute studentized residual value >3 (PROC

REG of SAS, SAS Institute Inc., Cary, NC).

SLargest SEM published in table, n = 55 to 60 (n represents number of observations used in the statistical analysis).
‘MP = DMP vs. AMP; U = DMPU vs. DMP; Met = DMPUM vs. DMPU; and His = DMPUMH vs. DMPUM.

*Dipeptide (B-alanyl-1- N-methyl-1.-His).
Experimental phase x treatment interaction (P = 0.05 for Arg).
"Dipeptide (3-alanyl-L-His).

the possible overestimation of RDP recommendations
in NRC (2001; Huhtanen and Hristov, 2009).

Similar to our data, Galo et al. (2003) found no
effect of slow-release urea supplementation on NDF
digestibility in dairy cows. Addition of plain urea to
dairy rations also had no effect on fiber digestibility
(Cameron et al., 1991; Ahvenjarvi et al., 1999; Boucher
et al., 2007). In contrast, Susmel et al. (1995) reported
an increase in NDF digestibility by supplementing the
control diet with urea, although the severe N deficiency
in their study (CP was 9.4% of DM) was likely the
reason for the different response in comparison with
the above-mentioned studies. In the current experi-
ment, ammonia was most likely not a limiting factor
for the growth and activity of fiber-degrading bacteria
with the DMP diet, because fiber digestibility did not
benefit from increased NPN supplied by slow-release
urea. On the contrary, it is possible that RDP from true
protein was limiting fiber degradability in the current

study. It has been shown that free AA and peptides
increase fiber digestion in vitro (Griswold et al., 1996;
Carro and Miller, 1999) and in vivo in steers (McAl-
lan, 1991) and the growth of rumen bacteria in sheep
(Chikunya et al., 1996) and dairy cows (Broderick and
Reynal, 2009). Total-tract apparent digestibility of CP
was increased in the current experiment with the addi-
tion of slow-release urea to the DMP diet, and similar
findings were reported for slow-release urea (Galo et
al., 2003) and plain urea (Cameron et al., 1991; Susmel
et al., 1995; Ahvenjarvi et al., 1999) supplementation.
This effect can be attributed in part to decreased meta-
bolic fecal N as a proportion of N intake (Wickersham
et al., 2008).

In line with previous studies (Broderick et al., 2009;
Patton, 2010; Chen et al., 2011), addition of RPMet
had no effect on feed intake. Supplementation of the
DMPUM diet with RPHis increased DMI (+1.7 kg/d),
which in turn led to a numerical increase in milk yield
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Table 7. Effects of slow-release urea and rumen-protected (RP) AA supplementation on muscle AA and dipeptide concentrations (ug/g) in
dairy cows

Diet'? Contrast”
Item AMP DMP DMPU DMPUM DMPUMH SEM? MP U Met His
Ala 62.4 66.6 75.1 59.5 60.2 6.19 0.79 0.19 0.04 0.74
Anserine’ 353 377 510 420 397 38.4 0.71 0.02 0.15 0.65
Arg 22.6 23.1 19.5 14.9 17.7 3.93 0.87 0.87 0.12 0.31
Asn 8.35 10.2 10.5 8.22 8.20 1.026 0.16 0.96 0.15 0.92
Asp _ 20.7 19.2 21.0 22.5 16.7 2.34 0.56 0.55 0.64 0.06
Carnosine® 2,551 2,564 2,947 2,870 2,353 242.3 0.81 0.18 0.83 0.08
Cit 7.58 7.03 7.46 6.27 717 0.731 0.56 0.63 0.18 0.30
Cys 2.15 2.34 2.55 2.59 2.61 0.18 0.39 0.25 1.00 0.85
Gln 226 287 296 232 329 34.8 0.16 0.75 0.08 0.02
Glu 152 179 188 176 126 15.3 0.31 0.53 0.56 0.02
Gly 54.8 58.6 66.7 44.8 62.2 9.07 0.87 0.71 0.06 0.06
His 8.42 9.45 8.89 7.79 7.32 1.120 0.57 0.92 0.47 0.31
Ile 11.8 10.9 11.4 10.1 9.11 1.01 0.79 0.34 0.13 0.17
Leu 16.7 14.9 15.9 13.8 12.5 1.41 0.58 0.32 0.14 0.22
Lys 20.2 22.6 18.4 13.4 12.8 4.81 0.44 0.88 0.08 0.76
Met 3.31 3.63 3.52 3.55 3.45 0.37 0.45 0.98 0.87 0.83
Orn 6.47 6.78 6.93 6.81 7.87 0.94 0.87 0.98 0.78 0.33
Phe 7.96 7.06 7.25 6.29 5.92 0.59 0.32 0.56 0.19 0.52
Pro 17.5 18.4 15.8 14.8 18.1 2.06 0.59 0.18 0.67 0.18
Ser 22.0 23.5 27.2 18.9 20.8 2.52 0.88 0.33 0.02 0.37
Thr 14.2 16.2 16.2 12.5 13.0 1.14 0.25 0.97 0.01 0.41
Tyr 10.1 9.65 10.2 8.68 8.27 0.754 0.75 0.32 0.06 0.60
Val 22.6 19.2 20.5 19.2 18.4 1.55 0.15 0.33 0.35 0.48
1-Methylhistidine 3.22 3.22 3.42 2.87 2.95 0.336 1.00 0.71 0.22 0.94
3-Methylhistidine 0.89 1.21 1.13 0.80 0.86 0.14 0.11 0.97 0.04 0.92

'AMP = MP-adequate diet; DMP = MP-deficient diet; DMPU = DMP diet supplemented with Optigen (Alltech Inc., Nicholasville, KY);
DMPUM = DMPU diet supplemented with RPMet (Mepron; Evonik Industries AG, Hanau, Germany); DMPUMH = DMPUM diet supple-
mented with RPHis (Balchem Corp., New Hampton, NY).

“Statistical analysis was performed on log-transformed data. Outliers were removed based on an absolute studentized residual value >3 (PROC

REG of SAS, SAS Institute Inc., Cary, NC).

SLargest SEM published in table, n = 40 to 42 (n represents number of observations used in the statistical analysis).
‘MP = DMP vs. AMP; U = DMPU vs. DMP; Met = DMPUM vs. DMPU; and His = DMPUMH vs. DMPUM.
*Dipeptide (B-alanyl-1- N-methyl-1.-His).

®Dipeptide (B-alanyl-L-His).

(+2.5 kg/d). These results confirm similar trends re- and H. Lapierre, unpublished data) also indicated no
ported by Lee et al. (2012a) and data from postruminal effect of Met and Lys on DMI, which is in line with
infusion of His (Lapierre et al., 2014; Ouellet et al., previous meta-analyses (Patton, 2010; Robinson, 2010),
2014) and suggest that His may have a positive effect but reported increased DMI and milk yield with His
on voluntary feed intake in dairy cows. Data from a supplementation. The role of His in the control of feed
meta-analysis (R. A. Patton, A. N. Hristov, C. Parys, intake has been demonstrated in earlier studies with

Table 8. Effects of slow-release urea and rumen-protected (RP) AA supplementation on blood plasma metabolites and insulin in dairy cows

Diet! Contrast®
ITtem AMP DMP DMPU DMPUM DMPUMH SEM? MP U Met His
Glucose, mg/dL 65.1 70.0 71.0 74.6 80.4 2.12 0.12 0.75 0.26 0.07
Insulin, pIU/mL 15.1 19.0 16.5 19.4 21.2 1.72 0.15 0.34 0.27 0.50
Urea-N, mg/dL 12.4 10.8 11.6 12.3 11.9 0.78 0.12 0.44 0.48 0.72
Creatinine, mg/dL 0.64 0.70 0.71 0.77 0.83 0.031 0.13 0.83 0.13 0.09
Creatine kinase, U/L 96.3 99.3 109 136 165 19.9 0.92 0.73 0.36 0.34

'AMP = MP-adequate diet; DMP = MP-deficient diet; DMPU = DMP diet supplemented with Optigen (Alltech Inc., Nicholasville, KY);
DMPUM = DMPU diet supplemented with RPMet (Mepron; Evonik Industries AG, Hanau, Germany); DMPUMH = DMPUM diet supple-
mented with RPHis (Balchem Corp., New Hampton, NY).

2Largest SEM published in table; n = 59 to 60 (n represents number of observations used in the statistical analysis).
SMP = DMP vs. AMP; U = DMPU vs. DMP; Met = DMPUM vs. DMPU; and His = DMPUMH vs. DMPUM.
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Table 9. Effects of slow-release urea and rumen-protected (RP) AA supplementation on milk N secretion, urinary and fecal N excretion, urine creatinine concentration, and urine
purine-derivative (PD) excretion in dairy cows'

Diet? Contrast®

Item AMP DMP DMPU DMPUM DMPUMH SEM? MP U Met His
N intake,” g/d 739 663 668 665 722 31.8 0.08 0.90 0.94 0.18
N secretion and excretion, g/d

Milk TPN® 216 212 223 208 232 10.0 0.79 0.42 0.27 0.09

Urinary N 171 116 134 141 152 8.80 <0.001 0.13 0.54 0.37

Urinary urea-N, g/d 98.2 56.6 87.5 97.0 91.0 6.20 <0.001 <0.001 0.22 0.43

As % of total urinary N’ 57.6 474 63.9 67.3 59.2 2.21 <0.001 <0.001 0.23 <0.01

Fecal N 224 259 236 256 270 15.3 0.08 0.23 0.31 0.46

Total excreta N 396 375 370 397 422 21.3 0.45 0.84 0.31 0.35

Total N in excreta and milk 611 569 593 605 654 29.9 0.26 0.52 0.74 0.19
As proportion of N excretion, %

Urine N 42.9 31.0 36.3 35.6 36.1 1.35 <0.001 0.01 0.73 0.79

Fecal N 57.1 69.0 63.7 64.4 63.9 1.35 <0.001 0.01 0.73 0.79
As proportion of N intake, %

Milk TPN 29.5 32.6 33.5 31.6 32.3 1.10 0.04 0.51 0.18 0.62

Urine N 23.0 17.9 20.1 21.2 21.1 1.02 <0.01 0.15 0.47 0.97

Fecal N7 30.1 39.1 35.2 38.2 37.2 1.02 <0.001 <0.01 0.04 0.48

Total excreta N 52.4 58.6 55.3 59.3 58.3 1.11 <0.001 0.03 <0.01 0.49

Total N in excreta and milk 82.6 86.7 88.8 91.0 90.6 2.25 0.22 0.53 0.51 0.92
Urine output, L/d 15.3 15.0 14.8 14.0 13.5 0.92 0.85 0.89 0.50 0.73
Urinary creatinine, mg/dL 131 128 128 140 150 7.25 0.80 0.98 0.25 0.32
Urinary creatinine, g/d 19.1 18.5 18.7 19.1 19.3 0.61 0.42 0.82 0.60 0.77
Urinary PD excretion, mmol/d

Allantoin 587 569 566 556 510 30.6 0.70 0.94 0.82 0.30

Uric acid® 65.1 60.4 62.1 59.5 66.2 6.59 0.63 0.75 0.68 0.56

Total PD 654 634 632 615 568 33.0 0.67 0.97 0.73 0.32
Microbial N flow,” g/d 447 433 431 419 384 24.0 0.69 0.97 0.72 0.31

"Data in this table (N intake, milk true protein, and urinary and fecal N) are for experimental wk 6 and 8 only when urine and fecal samples were collected.

AMP = MP-adequate diet; DMP = MP-deficient diet; DMPU = DMP diet supplemented with Optigen (Alltech Inc., Nicholasville, KY); DMPUM = DMPU diet supplemented
with RPMet (Mepron; Evonik Industries AG, Hanau, Germany); DMPUMH = DMPUM diet supplemented with RPHis (Balchem Corp., New Hampton, NY).

3Largest SEM published in table; n = 56 to 60 (n represents number of observations used in the statistical analysis).
‘MP = DMP vs. AMP; U = DMPU vs. DMP; Met = DMPUM vs. DMPU; and His = DMPUMH vs. DMPUM.

°N intake data include N from supplemental RPAA.

Milk true-protein N (milk true protein + 6.38).

7Experimen‘cal phase x treatment interaction (P = 0.04, P < 0.001, P = 0.03, and P = 0.02 for urinary N, urinary urea-N as % of total urinary N, fecal N, and total excreta N
as proportion of N intake %, respectively).

SStatistical analysis was performed on log-transformed data. Outliers were removed based on an absolute studentized residual value >3 (PROC REG of SAS, SAS Institute Inc.,
Cary, NC).

Estimated based on urinary PD excretion.
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several monogastric species. Stillings et al. (1969) and
Makdani et al. (1971) observed a stimulatory effect of
His on feed intake of weanling rats fed diets based on
fish protein, and later, Kang-Lee and Harper (1977)
found a linear increase in feed intake in young rats fed
diets with increasing levels of His (from 0.1 to 0.25%
by weight). Izquierdo et al. (1988) and Li et al. (2002)
reported that feed intake and ADG of piglets rose lin-
early when dietary levels of His were increased from
0.19 to 0.31% and from 0.26 to 0.35% (as-fed basis),
respectively. Infusion of His into the carotid artery also
increased feed intake of cockerels fed a His-limiting diet
(Tobin and Boorman, 1979). The anterior prepyriform
cortex is suggested to be the brain’s AA “chemosensor”
(Beverly et al., 1990), and it has been shown to play a
role in the initiation of the decrease in feed intake in
rats fed AA-imbalanced or AA-deficient diets (Leung
and Rogers, 1971; Firman and Kuenzel, 1988).

In line with other experiments (Colmenero and
Broderick, 2006; Aguerre et al., 2010), feeding cows
MP-deficient diets (according to the NRC, 2001; i.e.,
DMP, DMPU) did not decrease milk yield, milk protein
concentration, and MPY in the current study, mostly
because DMI was unaffected by the lowered supply of
MP. Consistent with these results, and as reported by
Lee et al. (2011a, 2012a,c; see discussions in Lee et al.,
2012¢), the NRC (2001) underpredicted MP-allowable
milk yield of cows fed the DMP and DMPU diets by 3.2
and on average 3.7 kg/d, respectively. The NRC (2001)
model overestimated milk yield of cows fed the AMP
diet by 4.6 kg/d, most likely because of the oversupply
of MP (206 g/d above requirements). However, other
studies (Haque et al., 2012; Lee et al., 2012a) reported
a negative effect of MP-deficient diets on milk yield
and MPY, mainly as a result of decreased feed intake
and consequent lowered supply of AA to the mammary
gland. As discussed by Hristov and Giallongo (2014),
a MP-deficiency of —12% or greater (according to the
NRC, 2001) is likely to trigger a negative response in
DMI and consequently milk yield in dairy cows.

Similar to the findings of Lee et al. (2012c), RPMet
supplementation had no effect on milk protein concen-
tration, although some studies showed an increase in
this production variable with addition of RPMet to the
diet (Schwab et al., 2005; Patton, 2010; Chen et al.,
2011). The level of MP and EAA supply (Broderick et
al., 2009; Patton, 2010; Lee et al. 2012¢) may be the
reason for the different responses to RPMet observed
among studies. In contrast to Lee et al. (2012a), addi-
tion of RPHis resulted in an increase in milk protein
concentration, which in turn, together with the numeri-
cally increased milk yield, led to an increase in MPY.
The milk protein response to RPHis in the current
trial may be explained in part by increased DMI and
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consequent provision of EAA for milk protein synthesis
(Lapierre et al., 2012b) and in part to the specific ef-
fect of increased dHis supply. Histidine has been shown
to be a limiting AA in MP-deficient diets (Lee et al.,
2012a), and infusion experiments have also reported a
positive effect of His on milk protein concentration and
MPY (Kim et al., 1999, 2001; Weekes et al., 2006).
The trend for decreased milk fat concentration with His
supplementation, which was not observed by Lee et al.
(2012a) and others (Huhtanen et al., 2002), needs to be
verified in further studies. However, some postruminal
infusion studies have shown that the correction of His
deficiency decreased milk fat percentage (Cant et al.,
2001; Kim et al., 2001; Weekes et al., 2006).

Because of the low rumen degradability of the
supplemented RPMet, we did not expect an increase
in the concentration of linear odd-chain FA (15:0 and
17:0) in milk fat with the DMPUM diet. These FA,
in fact, originate largely from rumen bacterial lipids
and in small amounts from de novo synthesis in the
mammary gland from propionate (Vlaeminck et al.,
2006; French et al., 2012). In contrast, Rulquin et al.
(2006) found no effect of RPMet on 15:0 and 17:0, but
reported an increase in 15:0 (and no change in 17:0)
with Met-derivatives supplementation. Although the
rumen bypass rate of the Met source used in this study
was higher compared with the Met derivatives used by
Rulquin et al. (2006), it is possible that the observed
changes in milk 15:0 and 17:0 were at least in part
caused by its effect on the rumen microbial popula-
tion. In an unrelated study from our laboratory (Lee
et al., 2015), we also observed increased milk 15:0 and
17:0 with dietary 2-hydroxy-4-methylthio-butanoic acid
(a Met analog known to have a relatively high rumen
availability) supplementation.

In the current experiment, plasma His concentration
was not decreased by the DMP and DMPU diets [which
were, on average, 5.5% MP deficient (NRC, 2001)] com-
pared with AMP. The lack of effect of MP deficiency on
plasma His concentration in short-term, Latin-square
design experiments (Lee et al., 2011b; Ouellet et al.,
2013) has been attributed to the supply of His from
endogenous pools (intramuscular carnosine and anser-
ine, and blood hemoglobin; see discussion by Hristov
and Giallongo, 2014). In contrast, Lee et al. (2012a,c)
observed sharp decreases in plasma His with diets
that were 12 to 15% deficient in MP. Similarly, Ouel-
let et al. (2013) did not report a decrease in plasma
His with a diet that supplied 98% of MP requirements
but observed a 57% decline with a 28% MP-deficient
diet. On the other hand, Ouellet et al. (2014) found a
linear decrease in plasma His and carnosine concentra-
tions in dairy cows receiving a MP-adequate diet with
decreasing levels of His infused postruminally. In the
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current study, the lack of effect on DMI together with
the marginal deficiency of MP and dHis with the DMP
(and DMPU) diet, likely contributed to prevent the
decline in plasma His, and the consequent depletion
of endogenous stocks of His (see following muscle AA
discussion) with these diets. However, further research
is needed to determine the changes in muscle carnosine
and blood hemoglobin in long-term trials with cows
fed diets more severely deficient in MP. The lack of
effect of RPHis on plasma His in this study may be due
in part to the shorter half-life of L-His compared, for
example, with DL-Met (i.e., D-Met has a longer half-
life than 1-Met; Lapierre et al., 2012a). Another likely
contributing factor is a greater removal of His by the
mammary gland, as suggested by the increase in MPY
with DMPUMH.

As previously reported with the same RPMet prod-
uct (Preynat et al., 2009; Lee et al., 2012a), RPMet
supplementation increased plasma Met in the current
trial. In line with our previous study (Lee et al., 2012a),
the DMP diet increased plasma concentration of the
non-EAA, Ser, and decreased the branched-chain AA
Tle and Val. Changes in plasma AA (i.e., Phe and Trp)
concentrations with slow-release urea supplementation
were not expected, although a lower concentration of
the urea cycle intermediate, Arg (Garret and Grisham,
1999), with the addition of similar amounts of urea
to a MP-deficient diet has been previously observed
(Boucher et al., 2007).

The DMP diet increased plasma concentrations of
3-MH and numerically increased intramuscular con-
centrations of 3-MH. These data, together with the
observed lower BW gain of cows fed the DMP diet, in-
dicate a decreased muscle protein synthesis or increased
protein mobilization (Fetterer and Allen, 2000; van der
Drift et al., 2012), probably to provide extra AA to
support milk protein synthesis as a result of low dietary
AA supply. Cows fed the MP-adequate diet and cows
on the supplemented diets (i.e., slow-release urea and
RPAA), on the other hand, were regaining BW lost
in early lactation. These results may be related to in-
creased muscular protein synthesis, because MPY was
not affected by MP levels. In line with this hypothesis,
the trend for increased plasma concentrations of creati-
nine, observed in cows fed the DMPUMH diet in the
present experiment, have been associated with higher
muscle mass (Perrone et al., 1992; Whittet et al., 2004).

Intramuscular concentrations of Gln have been posi-
tively associated with muscle protein synthesis (Mill-
ward et al., 1989; Wu et al., 2011). However, we did not
observe lower concentration of this AA with the DMP
diet. On the other hand, muscle Gln level was increased
by RPHis supplementation, and this may be related
to the numerically higher BW gain of the DMPUMH
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cows. The reduction in muscle Glu concentration with
the DMPUMH diet also appears to be associated with
the higher content of Gln in the muscle tissue of these
cows (Durschlag and Smith, 1985). The lack of decrease
in muscle carnosine concentrations with the DMP and
DMPU diets is in agreement with the lack of treat-
ment effect on plasma His, because it has been shown
that muscle carnosine has a higher metabolic priority
over plasma His (Clemens et al., 1984). In accordance
with other studies conducted in monogastric species,
muscle anserine concentration was not affected by the
level of His in the diet (Amend et al., 1979; Clemens et
al., 1984), although for unknown reasons, slow-release
urea supplementation increased its concentration. A
decreased muscle concentration of some AA (e.g., Ala,
Ser, Thr) was observed following supplementation with
RPMet, although, to the best of our knowledge, this
effect has not been previously described in ruminant or
nonruminant farm animals.

In line with previous experiments (Krdber et al., 2001;
Misciatteilli et al., 2003), RPMet supplementation did
not affect plasma glucose and insulin concentration.
However, some studies reported an increase in plasma
glucose (Berthiaume et al., 2001) or insulin (Blum et
al., 1999; Krober et al., 2000) in response to RPMet
administration. In contrast to several His infusion stud-
ies (Vanhatalo et al., 1999; Kim et al., 2001; Weekes et
al., 2006), addition of RPHis tended to increase plasma
glucose concentration in the current trial. Proteins and
their AA have gluconeogenic and insulinogenic effects
(Ranawana and Kaur, 2013), and it is possible that
the supplemental RPHis was responsible for the ob-
served increases in plasma glucose concentration with
the DMPUMH diet. The variable responses reported
in the literature may arise from the specific effect or
interactions among supplemented AA (Kuhara et al.,
1991; Ranawana and Kaur, 2013), AA dosages (Liu et
al., 2008), and nutrient composition of the diet (e.g.,
starch concentration; Rius et al., 2010). Unlike results
from the current study, RPMet supplementation has
been shown to reduce plasma creatinine (Krober et al.,
2001), or creatine kinase (Krober et al., 2000).

As expected from experiments with low-CP diets
(Colmenero and Broderick, 2006; Lee et al., 2011a,
2012a,c), the DMP diet decreased estimated excretion
of urinary N and UUN. Reduction of urinary N excre-
tion has been consistently shown to lower ammonia
emissions from dairy manure (Hristov et al., 2011; Lee
et al., 2012b). The increased excretion of UUN with
the addition of slow-release urea can be mostly at-
tributed to incomplete utilization of urea-N by rumen
bacteria (Galo et al., 2003), and similar results have
been reported with slow-release urea (Galo et al., 2003)
and plain urea (Susmel et al., 1995; Ahvenjarvi et al.,
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1999) supplementation. As noted previously (Lee et al.,
2012a,c), RPAA had no effects on N excretion, although
milk N secretion tended to increase with RPHis supple-
mentation, as a result of the increase in MPY. Cows fed
the MP-deficient diets had a greater milk N efficiency
compared with those fed the AMP diet, indicating im-
proved AA utilization for milk protein synthesis, due to
the lower protein concentration of the diet and N intake
(Huhtanen and Hristov, 2009).

CONCLUSIONS

In this experiment, DMI, yields of milk, and milk
components were not affected by feeding dairy cows
a diet that was 5% MP deficient based on the NRC
(2001), in spite of the reduction in total-tract nutrient
digestibility. However, likely because of low supply of
AA, cows receiving the MP-deficient diet had elevated
plasma 3-MH concentrations and were gaining less BW
compared with the control and cows fed the slow-re-
lease urea and RPAA-supplemented diets. Supplemen-
tation of the MP-deficient diet with slow-release urea
increased urinary urea-N excretion. Addition of RPMet
increased plasma Met concentration but had no effect
on milk production or composition. Supplementation
with RPHis in addition to RPMet increased DMI and
milk protein concentration and MPY. These results are
in agreement with our previous data and suggest that
His may have a positive effect on feed intake in dairy
cows fed MP-deficient diets based on corn silage. As re-
ported in previous experiments, feeding a MP-deficient
diet markedly reduced urinary N excretion and, thus,
is an effective strategy to decrease N losses from dairy
operations.
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