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ABSTRACT

The objective of this experiment was to investigate the
effect of dietary levels of digestible histidine (dHis) and
MP on lactational performance and plasma and muscle
concentrations of free AA in dairy cows. A randomized
block design experiment was conducted with 48 Hol-
stein cows, including 20 primiparous, averaging (+SD)
103 + 22 d in milk and 45 + 9 kg/d milk yield at the
beginning of the experiment. A 2-wk covariate period
preceded 12 experimental wk, of which 10 wk were for
data and sample collection. Experimental treatments
were (1) MP-adequate (MPA) diet with 2.1% dHis of
MP (MPA2.1), (2) MPA with 3.0% dHis (MPA3.0), (3)
MP-deficient (MPD) diet with 2.1% dHis (MPD2.1),
and (4) MPD with 3.0% dHis (MPD3.0). Actual dHis
supply was estimated at 64, 97, 57, and 88 g/d, re-
spectively. Diets supplied MP at 110% (MPA) and
96% (MPD) of NRC 2001 dairy model requirements
calculated based on DMI and production data during
the experiment. Dry matter intake and milk yield data
were collected daily, milk samples for composition and
blood samples for AA analysis were collected every
other week, and muscle biopsies at the end of covari-
ate period, and during wk 12 of the experiment. The
overall DMI was not affected by dHis or MP level. Milk
yield tended to be increased by 3.0% dHis compared
with 2.1% dHis. Milk true protein concentration and
yield were not affected by treatments, whereas milk
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urea nitrogen concentration was lower for MPD versus
the MPA diet. Milk fat concentration was lower for
MPD versus MPA. There was a MP x dHis interaction
for milk fat yield and energy-corrected milk; milk fat
was lower for MPD3.0 versus MPD2.1, but similar for
cows fed the MPA diet regardless of dHis level whereas
energy-corrected milk was greater for MPA3.0 versus
MPA2.1 but tended to be lower for MPD3.0 versus
MPD2.1. Plasma His concentration was greater for
cows fed dHis3.0, and concentration of sum of essential
AA was greater, whereas carnosine, 1-Methyl-His and
3-Methyl-His concentrations were lower for cows fed
MPA versus MPD diet. Muscle concentration of His
was greater for cows fed dHis3.0 treatment. The appar-
ent efficiency of His utilization was increased at lower
MP and His levels. Overall, cows fed a corn silage-based
diet supplying MP at 110% of NRC (2001) require-
ments tended to have increased ECM yield and similar
milk protein yield to cows fed a diet supplying MP at
96% of requirements. Supplying dHis at 3.0% of MP (or
86 and 96 g/d, for MPD3.0 and MPA3.0, respectively)
tended to increase milk yield and increased plasma and
muscle concentrations of His but had minor or no ef-
fects on other production variables in dairy cows.

Key words: histidine, metabolizable protein, milk
production

INTRODUCTION

In dairy farming, excess N, originating from high
protein diets, is an environmental burden in terms of N
leakage and ammonia and nitrous oxides emissions, as
well as an economic loss for the farmer, as protein is the
most expensive major nutrient in dairy rations (Hristov
et al., 2011a). One strategy to decrease excess dietary
protein without compromising animal performance is
to supply adequate amounts of key EAA for maximal
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production while decreasing excess N excretion (Dijks-
tra et al., 2013).

In dietary situations where RUP supply is low, as
in grass- or corn silage-based diets, microbial protein
represents a greater proportion of MP supply. Histidine
has been shown to be one of the AA that can become
limiting for milk and milk protein synthesis (Vanhatalo
et al., 1999; Lee et al., 2012a; Raisénen et al., 2021b).
Experiments from our laboratory showed that milk
yield (MY) and ECM were increased when rumen-pro-
tected His (RPHis) was supplemented on both MP-
adequate (MPA; according to NRC, 2001; Raisénen et
al., 2021a) and MP-deficient (MPD) diets (Raisénen
et al., 2021b). However, only when MP supply from the
basal diet was deficient did milk protein yield positively
respond to RPHis supplementation (Réaisénen et al.,
2021b). These data further highlighted the fact that
His is especially limiting in situations where the cow
is more reliant on rumen microbial protein due to its
lower His concentration compared with milk protein
(Kim et al., 1999). Further, in a 12-wk continuous ex-
periment with MPA basal diet, His became limiting
for milk and milk protein production (Giallongo et al.,
2017), indicating that a long-term His deficiency can
compromise lactational performance even when MP
supply is adequate.

Endogenous His from His containing dipeptides mo-
bilized from the muscle, as well as His from blood hemo-
globin, has been suggested to partly mask short-term
His deficiency (Lapierre et al., 2021). Indeed, muscle
His, anserine, and carnosine concentrations have been
reported to increase when His has been supplemented
on both MPD (Giallongo et al., 2015; Zang et al., 2019)
and MPA diets (Giallongo et al., 2017). The mobiliza-
tion of His from muscle and endogenous sources have
made it difficult to determine the extent of His de-
ficiency in lactating dairy cows, to prevent excessive
His mobilization and to recommend an optimal dietary
supply of dHis.

The objective of this experiment was to investigate
the interaction of dietary levels of MP and dHis on
lactational performance and plasma and muscle con-
centrations of AA and dipeptides in a continuous long-
term experiment with dairy cows. We hypothesized that
long-term His deficiency would compromise lactational
performance of the cows, and MP deficiency would am-
plify the effect of His deficiency.

MATERIALS AND METHODS
Animals, Housing, and Experimental Design

All procedures carried out involving animals in this
experiment were approved by the Pennsylvania State
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University’s Institutional Animal Care and Use Com-
mittee. A total of 48 lactating Holstein cows, of which
20 primiparous and 28 multiparous averaging (+SD)
2.1 + 1.3 in parity, 103 4+ 22 DIM, and 45 + 9 kg/d
MY at the beginning of the experiment, were used in a
randomized complete block design experiment. A 2-wk
covariate period preceded 12 experimental weeks, with
2 wk for diet adaptation and 10 wk of sample and data
collection. The cows were blocked in 12 blocks of 4,
based on parity, DIM, and MY at the start of covariate
period. Cows were housed in the freestall barn located
at the Pennsylvania State University’s Dairy Teaching
and Research Center. The research pen is equipped
with a Calan Broadbent Feeding System (American
Calan Inc.) for individual monitoring of DMI, and the
cows have free access to drinking water. The cows were
fed once daily at around 0800 h and milked twice daily
at around 0630 and 1800 h.

Diets and Treatments

Four experimental treatments were designed to supply
2 levels of MP and 2 levels of dHis in a factorial design:
(1) MPA diet supplying 2.1% dHis of MP (MPA2.1),
(2) MPA supplying 3.0% dHis of MP (MPA3.0), (3)
MPD diet supplying 2.1% dHis of MP (MPD2.1), and
(4) MPD diet supplying 3.0% dHis of MP (MPD3.0).
The experimental diets (Table 1) were originally for-
mulated to be MPA (i.e., meeting or exceeding MP
requirements) or 15% MPD based on NRC (2001) rec-
ommendations and the average production data of the
experimental cows at the end of covariate period (26.5
kg/d DMI, 44.4 kg/d MY, and 4.03% milk fat, and 2.94%
milk true protein concentrations). For the 3.0% dHis
treatments (i.e., MPA3.0 and MPD3.0), the basal diets
containing 2.1% dHis (i.e., MPA2.1 and MPD2.1) were
supplemented with RPHis (an experimental, fat-coated
product, by Ajinomoto Inc., containing 88% L-His of
CP, rumen escape of 52%, and intestinal digestibility
of 98%, based on manufacturer’s specifications). The
MPA2.1 and MPD2.1 diets were supplemented with
stearic acid (80% purity, Cargill Animal Nutrition) to
compensate for the fat from coating of RPHis (Table
1). The MPD diet was supplemented with urea (46% N
of DM; Kirby Agri) to compensate for the lower RDP
concentration of this diet. All diets were supplemented
with RPMet (Mepron, Evonik Operations GmbH) and
RPLys (AjiPro-L, Ajinomoto Inc.) to meet or exceed
the dMet and dLys recommendations (NRC, 2001;
Schwab et al., 2005). The daily doses of RPHis, RPMet,
RPLys, urea, and stearic acid were weighed as a pre-
mix and mixed in the TMR as it was prepared daily
in a mobile TMR mixer (Rissler Mobile TMR mixer
Model 1050; I. H. Risller) at the time of feeding. Intake
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Table 1. Ingredient and chemical composition of the diets used in the experiment

Diet!

Ttem MPA2.1 MPA3.0 MPD2.1 MPD3.0

Feed ingredient,? % of DM
Corn silage 45.1 45.0 45.2 45.1
Alfalfa haylage 10.8 10.7 10.8 10.8
Hay and wheat straw mix 3.43 3.43 3.38 3.36
Canola meal 12.4 124 12.5 12.5
Ground corn 7.84 7.80 12.8 12.8
SoyPLUS 6.90 6.88 2.03 2.03
GreenFeed bait feed® 4.79 5.27 5.05 6.64
Molasses 4.93 4.92 5.06 5.05
Whole cottonseed 4.85 4.85 4.73 4.71
Whole roasted soybeans 1.98 1.97 1.69 1.68
Mineral mix* 1.05 1.04 1.01 1.01
RPHis — 0.59 — 0.56
AjiPro-L 0.33 0.33 0.24 0.24
Urea — — 0.22 0.22
Stearic acid 0.24 — 0.23 —
Mepron 0.14 0.14 0.11 0.11

Nutrient composition,” % of DM
CP 16.6 16.9 15.3 15.5
NDF 32.9 32.8 32.6 324
ADF 21.3 21.3 21.1 21.0
NFC 43.4 43.3 45.2 45.1
Starch 23.3 23.0 24.6 25.3
Ether extract 4.97 4.98 4.75 4.74
NEL,° Mcal/kg 1.59 1.59 1.58 1.58
Ash 4.26 4.28 4.01 4.03
Ca 0.70 0.60 0.60 0.60
P 0.50 0.50 0.50 0.50

'MPA2.1 and MPA3.0 were formulated to supply adequate MP according to NRC (2001) and 2.1 and 3.0%
digestible His of MP, respectively. MPD2.1 and MPD3.0 were formulated to be around 80% deficient in MP
and to supply 2.1 and 3.0% of MP, respectively.

*Corn silage was 40.5% DM and contained (DM basis) 6.9% CP and 39.6% NDF; alfalfa haylage was 46.5% DM
and contained (DM basis) 18.2% CP and 39.1% NDF; hay and wheat straw mix was 89.6% DM and contained
(DM basis) 8.0% CP and 71.2% NDF; SoyPLUS: Landus Cooperative; GreenFeed: C-Lock Inc.; molasses:
Westway Feed Products; AjiPro-L: Ajinomoto Co. Inc.; Mepron: Evonik Operations GmbH; rumen-protected
His (RPHis): experimental, fat-coated product by Ajinomoto Co Inc.

3Stocker Grower 14; Purina Animal Nutrition LLC. See Material and Methods section for details.

‘Mineral and vitamin premix (Cargill Animal Nutrition, Cargill Inc.) contained (%, as-is basis) limestone,
36.75; dry corn distillers grains with solubles, 29.00; NaCl, 24.85; MgO (54% Mg), 4.15; Bio-Phos (Rootwise
Soil Dynamics), 2.45; zinc sulfate, 0.96; mineral oil, 0.5; vitamin E, 0.37; manganese sulfate, 0.37; copper
sulfate, 0.26; ferrous sulfate, 0.16; selenium, 0.13; vitamin A, 0.03; vitamin Dj, 0.013; calcium iodate, 0.008;
cobalt carbonate, 0.005.

SUnless indicated otherwise, values were calculated using the chemical analysis (Cumberland Valley Analytical
Services Inc., Waynesboro, PA) of individual feed ingredients and their inclusion rates in the diet.

Values estimated based on NRC (2001).
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of TMR was recorded daily and feeding rate adjusted
to yield refusals equal to 5 to 10% of the feed consumed
in the previous day.

Sample Collection and Measurements

Feed and TMR Sampling. Forage, TMR and re-
fusal samples were collected twice weekly and concen-
trate feeds once a week and stored at —20°C. All feed
samples were dried in a forced-air oven at 55°C for 72 h
and ground in a Wiley mill (Thomas Scientific) through
a 1-mm sieve. Four composited forage samples (1 for
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every 3 experimental wk) and one composited sample
of each concentrate feed were submitted to Cumber-
land Valley Analytical Services (Waynesboro, PA) for
wet chemistry analysis for CP (method 990.03; AOAC
International, 2000), amylase-treated NDF (Van Soest
et al., 1991), ether extract (method 2003.05; AOAC
International, 2006), ADF (method 973.18; AOAC
International, 2000), ash (method 942.05; AOAC In-
ternational, 2000), minerals (method 985.01; AOAC
International, 2000), and estimated NFC (NRC, 2001).
Further, composited forage and concentrate samples
were analyzed for AA at the University of Missouri—
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Columbia’s Agricultural Experiment Station Chemical
Laboratories, (Columbia, MO) following the procedures
of Deyl et al. (1986) and Fekkes (1996). Nutrient com-
position of the 4 diets were calculated from analyzed
values of individual feed ingredients and intake of the
GreenFeed bait feed (see below; nutrient composition
based on manufacturer’s specifications), and their in-
clusion rate in the TMR (Table 1).

M:ilk  Sampling. Milk samples for composition
analysis were collected on the last week of the covariate
period and every other week during the experimental
period from 2 consecutive p.m. and a.m. milkings (i.e.,
a total of 4 milk samples/wk). Samples were collected
into 20-mL tubes, preserved with 2-bromo-2-nitropro-
pane-1,3-diol and analyzed for milk fat, true protein,
MUN, and lactose concentrations by Dairy One labo-
ratory (Itacha, NY) using infrared spectroscopy and
Milkoscan models 6000, FT+, or 7 and Fossomatic
models 5000 of FC (Foss Electric A/S). Milk yield and
BW of the cows were recorded at each milking.

Fecal and Urine Sampling. Four fecal and urine
samples each were collected from each experimental cow
over 2d on wk 11, at 1100 and 1930 h on d 1 and at 0730
and 1500 h on d 2. Approximately 500 g of fecal sample
was collected by rectal stimulation and immediately
dried at 55°C to constant weight. The dried samples
were ground using a Wiley mill through a 1-mm sieve
and composited by cow. Composited fecal samples were
then analyzed for total N using a Costech ECS 4010
elemental analyzer (Costech Analytical Technologies
Inc.), indigestible NDF (iNDF), ADF, and NDF with
Ankom 200 fiber analyzer (Ankom technology Corp.)
and starch (Hall, 2009) to determine total-tract N,
NDF, ADF, and starch digestibility. Indigestible NDF
was used as a total-tract digestibility marker (Schneider
and Flatt, 1975). Composited fecal samples and TMR
samples collected on wk 11 were dried at 55°C, ground
through a 1-mm screen and incubated for 12 d in the
rumen of a lactating rumen-cannulated cow for analysis
of INDF (Huhtanen et al., 1994; Lee et al., 2012a).

Urine samples were collected at the same time points
as for the fecal samples by stimulation of the vulva and
filtered through 2 layers of cheesecloth. Aliquots of 10
mL of urine samples were acidified with 0.6 mL of 2 M
sulfuric acid and diluted 1:10 with 90 mL of distilled
water, and stored at —20°C until analysis. Samples were
composited by cow and analyzed for allantoin (Chen
et al., 1992), uric acid (Stanbio Uric Acid Kit 1045;
Stanbio Laboratory Inc.), urea N (Stanbio Urea Nitro-
gen Kit 580; Stanbio Laboratory Inc.) and creatinine
(Stanbio Creatinine Kit 420; Stanbio Laboratory Inc.).
Aliquots of the urine composite samples were freeze-
dried and analyzed for total N using Costech ECS 4010
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elemental analyzer. Urinary creatinine concentration
was used to estimate daily urine output, assuming a
creatinine excretion rate of 29 mg/kg of BW (based
on unpublished total urine collection data by Hristov
et al., 2011b). Daily excretions of total N, urea N, and
purine derivates (PD; allantoin and uric acid) were
calculated based on the estimated daily urine output.
Blood Sampling. Blood samples were collected
from the tail vein or artery of the cows on wk 2 of
covariate period and during each experimental wk (wk
3-12) at 1100 h (i.e., 3 h after feeding) into Vacutainer
tubes containing EDTA (Becton, Dickinson and Co.)
and analyzed for hemoglobin concentration on the day
of sampling. Additional blood samples were collected
during wk 2 of covariate period and every 2 wk during
the experimental period, 4 times in 2 consecutive days,
at 1100 and 1600 h on d 1 and at 1400 and 2000 h on d
2. Blood was collected into Vacutainer tubes containing
EDTA and plasma was separated by centrifuging at
1,500 x g and 4°C for 15 min. Plasma samples were
composited as follows: 1 sample per cow for the covari-
ate period, a second sample per cow for wk 3 of the
experimental period, a third sample for wk 4, and a
fourth composite sample per cow for wk 6, 8, 10, and
12. Composited plasma samples were analyzed for AA
concentration by Ajinomoto Inc. using a High-Speed
AA analyzer L-8900 (Hitachi High-Technologies Co.).
Mwuscle Biopsies. Muscle biopsies from the longis-
simus dorsi were obtained from all cows on wk 2 of the
covariate period and on wk 12 of the experimental pe-
riod. During the procedure, cows were immobilized in
a cattle chute. The surgical area, between the 12th and
13th transverse processes, was shaved and disinfected
by alternating scrubs of 7.5% povidone iodine and 99%
isopropyl alcohol. A 1-cm incision was performed under
local anesthesia (8 mL of 2% lidocaine-HCI) to expose
the muscle with a sterile scalpel blade. An 8-mm sterile
biopsy punch (Miltex Inc.) was used to remove around
1 g of muscle tissue, and the incision was closed with a
simple interrupted absorbable suture. The sample was
immediately weighed and placed in liquid N,, and later
stored at —80°C. The tissue samples were homogenized
with a Polytron homogenizer (Polytron PT 10-35; Ki-
nematica GmbH) in ice-cold buffer containing 20 mM
HEPES (SAFC), 2 EGTA mM (Sigma Aldrich), 50 mM
NaF, 100 mM KCl (Fisher Scientific), 0.2 mM EDTA
(Dot Scientific, Inc.), 50 mM 3-glycerophosphate (EMD
Millipore), 1 mM DTT (Roche Diagnostic, GmbH), 1
mM benzamidine (EMD Millipore), 0.5 mM sodium
vanadate (Pfaltz & Bauer) 0.1 mM PMFS (Dot Scien-
tific, Inc.) and centrifuged at 10,000 x g at 4°C for 10
min (Lang et al., 2003). The supernatant was collected
and analyzed for AA at the University of Missouri—
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Columbia’s Agricultural Experiment Station Chemical
Laboratories (Columbia, MO) following the procedures
of Deyl et al. (1986) and Fekkes (1996).

Enteric Gas Emissions. For enteric gas emissions
measurements, the cows had access to 2 GreenFeed
units (C-Lock Inc.), which dispensed a pelletized bait
feed (Stocker Grower 14, Purina Animal Nutrition
LLC). The weight of the dispensed pellets was recorded
at each individual visit. Each cow was allowed a maxi-
mum of 6 visits in 24 h, with a 4-h interval between
visits, and no more than 12 feed drops of approximately
35 g each per visit. The total number of visits during
the experiment was 16,610, averaging at 4 + 2 visits/
cow per day. At the end of the experiment, daily intake
of pellets was added in the daily DMI for each cow, and
an averaged pellet intake for each treatment was used
to calculate the inclusion rates in the reconstituted
diets at the end of the experiment (Table 1). Cows
were adapted to using the GreenFeed units before the
start of the covariate period and were identified with
a unique radio-frequency identification ear tag. They
visited the units voluntarily and enteric gas emissions
were measured at each visit. GreenFeed units were cali-
brated following the manufacturer’s recommendations
(http://greenfeed.c-lockinc.com). Biweekly average of
DMI and MY, and ECM yield were used to estimate
biweekly averages of CH, yield (i.e., g/kg) and intensity
(i.e., g/kg MY or ECM).

Calculated Histidine Pools and Efficiency of
Utilization. Apparent dHis recovery was calculated
based on an estimated dHis intake (NRC, 2001), and
measured blood and milk protein concentrations as
detailed in Réisénen et al. (2021a,b). In short, the
amount of His in blood His pool included His in blood
hemoglobin, plasma free His, as well as His in plasma
1-methyl-His (1-MH), 3-methyl-His (3-MH), and car-
nosine. The amount of His in these metabolites was
based on the proportion of His molecular weight in the
molecular weight of the metabolite in question. The
amount of His in plasma and blood pools were calculat-
ed based on an assumed blood volume of 6.7% of BW,
and plasma volume of 68% of blood volume (Reynolds,
1953). Histidine concentration in milk CP was assumed
to be 2.7% based on an averaged value from Lee et al.
(2015). Apparent recovery of dHis in milk His pool was
calculated as milk His (g/d) =+ dHis intake (g/d) x 100.
Apparent recovery of dHis in blood was calculated as
total His in blood (g) <+ dHis intake (g/d) x 100, where
total His in blood was the sum of plasma His (g), His
in 1-MH and His in hemoglobin. Apparent recovery of
dHis in blood and milk His pools was calculated as [To-
tal blood His (g) + milk His (g/d)] <+ dHis intake (g/d)
x 100. Apparent efficiency of His utilization (Effy;)
was calculated as described in Lapierre et al. (2021):
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Effy, = sum of His in true exported proteins (g) +
[digestible His flow (g) — endogenous urinary loss of His
(g)]. Where the sum of His in true exported proteins
includes milk true protein yield, and estimated scurf
and metabolic fecal protein were calculated as detailed
in Lapierre et al. (2021).

Statistical Analysis

All data were analyzed using the MIXED procedure
of SAS (version 9.4, SAS institute Inc.). Data were
tested for normality using the UNIVARIATE proce-
dure of SAS and processed for outliers based on the
absolute studentized residue value >3 (using PROC
REG of SAS). Dry matter intake, MY, BW, feed effi-
ciency, and hemoglobin data were averaged weekly, and
milk composition, ECM, ECM feed efficiency, NE;, and
the enteric gas emission data were averaged biweekly.
The statistical model included week as the repeated
term for weekly data and time for the biweekly data,
and MP and His level as fixed effects. The best covari-
ance structure for repeated measures was chosen based
on the lowest Akaike information criterion, and were
AR(1) for DMI, feed efficiency, BW, blood hemoglobin,
milk fat and protein concentration, MUN, and milk
true protein yield, CO, and some plasma AA; ARH(1)
for MY, ECM, ECM feed efficiency, NEL, milk fat and
lactose yields, other gas emissions data, methane yield
and intensity, as well as some plasma AA; and CSH
for milk lactose concentration and some plasma AA.
Interaction of MP level x week, His level x week, as
well as MP level x His level were included in the model
where significant, and nonsignificant interactions are
not reported. Block and block x MP level x His level
were considered random effects. Digestibility, N excre-
tion, His pool, and muscle AA concentration data were
analyzed with the same model without the repeated
term and interactions. The means separation was done
using the PDIFF procedure of SAS and all data are
presented as covariate-adjusted LSM of MPA versus
MPD, and dHis2.1 versus dHis3.0. Statistical differ-
ences were considered significant at P < 0.05, and a
trend at 0.05 < P < 0.10.

RESULTS

The 2 basal diets (MPA and MPD) differed most no-
tably in the amount of ground corn and SoyPLUS but
had similar nutrient composition except for CP (Table
1). All treatments provided adequate NE; (Table 2),
whereas MPA2.1 and MPA3.0 supplied 110 and 109%,
and MPD2.1 and MPD3.0 supplied 97 and 96% of MP
requirements according to NRC (2001), respectively.
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Table 2. Dietary net energy of lactation, protein fractions, and AA supply and balance' in mid-lactation dairy
cows fed an MP-adequate (MPA) or MP-deficient (MPD) diet with 2 levels of digestible (d)His

Diet
Item MPA2.1 MPA3.0 MPD2.1 MPD3.0
NE, Mcal/d
Requirement 39.3 41.6 38.9 38.5
Supply 42.8 44.1 41.8 41.7
Balance 3.5 2.5 2.9 3.2
Protein fractions, g/d
MP
Requirement 2,818 2,985 2,809 2,880
Supply 3,105 3,265 2,726 2,759
Balance 287 280 -89 —121
Supply + requirement 1.10 1.09 0.97 0.96
RDP and RUP
RDP supply 2,618 2,77 2,600 2,614
RDP balance —71 —59 —52 —30
RUP supply 1917 2048 1,624 1,552
RUP balance 354 347 —106 —155
AA balance, g/d
dHis
Intended supply® 56 90 56 86
Dietary supply 64 97 57 88
Balance 12 7 1 2
dMet
Requirements® 62 66 62 63
Dietary supply 73 75 67 66
Balance 11 9 5 3
dLys
Requirements® 186 197 185 184
Dietary supply 208 219 187 190
Balance 22 25 2 6
Supply of other AA, g/d
dArg 140 147 122 122
dlle 145 151 129 129
dLeu 251 262 222 222
dPhe 148 156 129 120
dThr 140 145 127 131
dVal 163 170 146 147
Total digestible EAA 1,331 1,421 1,185 1,221

Values were estimated using NRC (2001) based on actual averaged DMI, milk yield and composition, and BW

of cows during the experiment.

MPA2.1 and MPA3.0 were formulated to supply adequate MP and 2.1 and 3.0% dHis of MP, respectively,
according to NRC (2001). MPD2.1 and MPD3.0 were formulated to be around 80% deficient in MP and to

supply dHis at 2.1 and 3.0% of MP, respectively.

*Intended dHis supply was calculated as % of MP requirements based on treatment average of DMI and MY
at the beginning of the experiment and were 2.1% and 3.0% for MPA2.1, MPD2.1 and MPA3.0, MPD3.0,

respectively.

*Requirements of dMet and dLys were calculated as 2.2 and 6.6% of MP requirements, respectively (NRC 2001;

Schwab et al., 2005).

Dry Matter Intake; Milk Production and Composition

The overall DMI was not affected by either MP or
His level (Table 3), but there was dHis x wk interac-
tion (P = 0.002); DMI being greater (P = 0.003) for
dHis3.0 on experimental wk 7 (29.7 vs. 27.0 kg/d; SEM
= 0.93), but not different from dHis2.1 through the
rest of the experiment (Figure 1). Milk yield was not
affected by MP but tended to be greater (P = 0.10) for
dHis3.0 compared with dHis2.1. There was a MP x His
interaction (P = 0.001) for ECM yield; being increased
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(P = 0.05) by greater dHis supply on the MPA diet
(40.4 vs. 37.8 kg/d; SEM = 0.92), whereas greater dHis
supply on MPD diet tended to decrease (P = 0.08)
ECM yield (36.2 vs. 38.5 kg/d; SEM = 0.90). Milk
fat concentration was greater (P = 0.05) for cows fed
MPA diets and there was a MP x His interaction (P
= 0.004) for milk fat yield; increasing dHis in the diet
decreased (P = 0.004) milk fat yield on the MPD diets
(1.29 vs. 1.49 kg/d; SEM = 0.05) but had no effect on
the MPA diets (1.55 vs. 1.46 kg/d; SEM = 0.05). Milk
true protein concentration and yield were similar across
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Table 3. Production data of mid-lactation dairy cows fed MP-adequate (MPA) or MP-deficient (MPD) diets with 2 levels of digestible (d)His

Treatment® P-value*

Item' MPA2.1 MPA3.0 MPD2.1 MPD3.0 SEM? MP dHis MP x dHis
DMI, kg/d 27.3 28.3 26.9 26.8 1.01 0.18 0.55 0.46
Milk yield, kg/d 39.8 42.7 39.5 41.1 1.36 0.46 0.10 0.60
Feed efficiency, kg/kg® 1.50 1.50 1.53 1.50 0.053 0.83 0.78 0.77
ECM, kg/d° 37.7 40.3 38.5 36.4 0.92 0.08 0.78 0.001
ECM feed efficiency, kg/kg 1.41 1.42 1.46 1.36 0.047 0.83 0.34 0.24
Milk fat, % 3.77 3.77 3.65 3.26 0.163 0.05 0.24 0.23

Fat, kg/d 1.46 1.55 1.49 1.29 0.048 0.02 0.22 0.004
Milk true protein, % 3.14 3.14 3.17 3.17 0.048 0.64 0.99 0.97

Protein, kg/d 1.27 1.28 1.29 1.29 0.021 0.42 0.77 0.85
Milk lactose, % 4.85 4.90 4.89 4.90 0.027 0.47 0.33 0.39

Lactose, kg/d 1.98 2.00 2.00 2.00 0.013 0.53 0.24 0.41
MUN, mg/dL 12.1 11.5 9.77 9.48 0.300 <0.001 0.12 0.62
SCC, x 107 cells/mL’ 112 51.2 74.8 153 34.1 0.008 0.22 0.16
BW, kg 657 666 666 664 3.57 0.31 0.29 0.13
BW change, kg/d* 0.465 0.562 0.588 0.569 0.0518 0.20 0.44 0.25

'DMI, MY, feed efficiency, and BW data were collected daily and averaged by experimental week; milk composition data are based on milk
samples collected biweekly.

MPA2.1 and MPA3.0 were formulated to supply adequate MP and 2.1 and 3.0% dHis of MP, respectively, according to NRC (2001). MPD2.1
and MPD3.0 were formulated to be around 80% deficient in MP and to supply dHis at 2.1 and 3.0% of MP, respectively.

Largest SEM published in table; n = 470 for DMI and MY, n = 473 for BW, n = 47 for BW change, n = 468 for feed efficiency, n = 236 for
milk composition variables (n represents number of observations used in the statistical analysis). Data are presented as covariate-adjusted LSM.

"Main effect of MP = MPA vs. MPD; main effect of dHis = dHis at 3.0% of MP vs. dHis at 2.1% of MP; MP x dHis = interaction between
MP and dHis level. dHis x experimental week interactions: DMI, P = 0.002; feed efficiency, P = 0.03; ECM feed efficiency, P = 0.02; MP x
experimental week interaction: ECM feed efficiency, P = 0.03.

Milk yield = DML

fCalculated according to Sjaunja et al. (1990).

"Statistical analysis was performed on logo-transformed data.

SCalculated as: (average BW on experimental wk 12 — average BW on covariate wk 2) + days on experiment.

treatments, whereas MUN concentration was greater

(P < 0.001) for cows fed the MPA diets.
31

Plasma and Muscle Amino Acid Concentrations P~
301 —0— dHis2.0

Plasma concentration of Phe as well as the sum of

EAA were lower (P < 0.01) for cows fed MPD com- 291

pared with MPA, and there was a MP x His interaction

(P < 0.03) for Tle, Leu, and Val (Table 4). Plasma 9

concentration of His was not affected by MP level but 5 . |

was greater (P < 0.001) for cows fed dHis3.0 compared <

with dHis2.1, whereas Phe concentration tended to be 2 |

greater (P = 0.07) for dHis2.1. Of the NEAA, plasma

concentration of Glu and Tau were greater (P < 0.02) 25

and that of Gly (P = 0.05) was lower for cows fed

MPD compared with MPA. Further, concentrations of 24 . - . - .

Ala and the sum of NEAA tended to be greater (P < e 4 o - L 4a =
0.09) and that of Tyr tended to be lower (P = 0.08) for Experimental week

MPD compared with MPA. Glutamine concentration . , o , , . .
Figure 1. Effect of digestible His (dHis) on DMI of mid-lactation

tended to be lower (P = 0.10), and there was a MP
x His interaction (P = 0.04) for Tau concentration.
Plasma concentration of carnosine, 1-MH and 3-MH
were greater (P < 0.03) for cows fed MPD compared
with MPA. Further, there was a MP x experimental
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dairy cows over the course of the experiment. Treatments were dHis2.1
and dHis3.0, formulated according to NRC (2001), to supply dHis at
2.1% and 3.0% of MP, respectively. Data are covariate-adjusted LSM
averaged over 2 levels of MP, and error bars represent SEM; n = 470.
Effect of dHis level, P = 0.71; effect of experimental week, P < 0.001;
dHis x experimental week interaction, P = 0.006.
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Table 4. Plasma AA and dipeptide concentrations (nM) of mid-lactation dairy cows fed an MP-adequate (MPA) or MP-deficient (MPD) diet

with 2 levels of digestible (d)His

Treatment® P-value®

Ttem' MPA2.1 MPA3.0 MPD2.1 MPD3.0 SEM? MP dHis MP x dHis
Arg 79.2 81.2 76.7 78.2 2.37 0.17 0.39 0.91
His 53.6 64.8 51.8 68.7 1.77 0.55 <0.001 0.11
Ile 146 154 144 133 3.86 0.003 0.69 0.01
Leu 158 165 150 134 4.38 <0.001 0.25 0.007
Lys 94.0 93.4 91.5 89.8 3.46 0.32 0.70 0.86
Met 23.6 23.5 24.3 24.5 0.819 0.30 0.93 0.85
Phe 45.3 44.9 44.1 40.9 1.05 0.01 0.07 0.16
Thr 93.9 98.8 99.2 96.0 3.37 0.69 0.78 0.20
Trp 39.5 39.1 39.0 39.5 0.89 0.92 0.97 0.63
Val 295 307 289 270 7.25 0.003 0.56 0.03
EAA 1,029 1,073 1,005 974 24.0 0.01 0.78 0.10
Ala 271 272 282 289 9.06 0.08 0.61 0.75
Asn 33.1 32.4 34.2 33.0 1.49 0.53 0.51 0.85
Asp 5.83 5.68 4.73 5.60 0.557 0.11 0.34 0.17
Gln 151 153 152 160 4.45 0.36 0.22 0.51
Glu 82.5 85.1 86.5 89.4 1.86 0.02 0.10 0.92
Gly 208 215 219 248 11.0 0.05 0.12 0.30
Pro 86.2 90.5 87.5 85.9 2.85 0.54 0.62 0.29
Ser 78.2 78.3 83.3 75.6 3.16 0.68 0.21 0.19
Tyr 52.2 52.1 50.4 49.1 1.42 0.08 0.63 0.68
NAA 970 976 1,011 1,032 26.0 0.06 0.56 0.76
Cit 70.1 70.6 70.4 67 2.03 0.42 0.45 0.31
Orn 55.1 53.6 52.2 49.9 2.55 0.19 0.47 0.87
Tau 43.3 43.7 51.1 45.6 1.48 0.002 0.08 0.04
Carnosine 10.6 10.5 11.0 12.1 0.44 0.03 0.26 0.19
1-Methyl-His 3.76 3.78 4.12 4.06 0.118 0.004 0.86 0.70
3-Methyl-His 3.59 3.63 4.27 3.95 0.178 0.005 0.29 0.17

'Plasma samples were collected biweekly and composited as follows: 1 sample per cow for the covariate period, second sample per cow for wk 3
of the experimental period, a third sample for wk 4, and a fourth composite sample per cow for wk 6, 8, 10, and 12.

MPA2.1 and MPA3.0 were formulated to supply adequate MP and 2.1 and 3.0% dHis of MP, respectively, according to NRC (2001). MPD2.1
and MPD3.0 were formulated to be around 80% deficient in MP and to supply dHis at 2.1 and 3.0% of MP, respectively.

3Largest SEM published in table; n = 144 (n represents number of observations used in the statistical analysis). Data are presented as covariate-

adjusted LSM.

‘Main effect of MP = MPA vs. MPD; main effect of dHis = dHis at 3.0% of MP vs. dHis at 2.1% of MP; MP x dHis = interaction between MP
and dHis level. MP x experimental week interaction: 3-Methyl-His, P = 0.005.

week interaction (P = 0.005) for 3-MH concentration;
plasma concentration of 3-MH was similar between
MPD and MPA for wk 2 (3.42 vs. 3.29 pM; SEM =
1.903), but greater (P < 0.02) for MPD for wk 4 (4.40
vs. 3.60 pM) and the pooled plasma for wk 6 to 12 (4.51
vs. 3.94 pM; Figure 2).

Muscle concentration of His tended to be greater (P
= 0.06) for MPD compared with MPA and was greater
(P < 0.001) for dHis3.0 compared with dHis2.1 (Table
5; Figure 3). Concentrations of all other EAA were
similar across treatments. Glycine and Ser concentra-
tions were greater (P < 0.003) for MPD compared
with MPA, whereas Gly concentration was greater (P
= 0.03) and Ala, Asn and Asp concentrations tended
to be greater (P < 0.10) for dHis3.0 compared with
dHis2.1. There was a MP x His interaction (P < 0.02)
for Ile, with concentration being greater (P = 0.04)
for MPA3.0 compared with MPA2.1 but no difference
between the 2 His levels for MPD. Concentrations of
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1-MH and B-amino-isobutyric acid were greater (P <
0.01), and ~y-amino-butyric acid tended to be greater (P
= 0.10) for MPA compared with MPD. Concentration
of B-alanine tended (P = 0.06) to be lower and hy-
droxylysine concentration greater for dHis3.0 compared
dHis2.1.

Calculated His Pools

Calculated His pools, apparent recovery of dHis in
blood and milk pools as well as the apparent efficiency
of His utilization are presented in Table 6. Apparent
dHis recovery in milk was lower (P = 0.003) for MPA
compared with MPD and dHis3.0 compared with
dHis2.1 (P < 0.001). Similarly, apparent dHis recovery
in blood pool and total His pool as well as Effy;, were
lower (P < 0.001) for MPA compared with MPD and
dHis3.0 compared with dHis2.1, and there was a MP x
His interaction (P = 0.04) for Effy;, (Figure 4).
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Figure 2. Effect of MP level on plasma 3-Methyl-His concentration
(nM) of mid-lactation dairy cows over the course of the experiment.
MPA = diet formulated to supply adequate MP according to NRC
(2001). MPD = diet formulated to be around 80% deficient in MP.
Data are covariate-adjusted LSM, and error bars represent SEM; n =
144. Effect of MP level, P = 0.005; effect of experimental week, P <
0.001; MP x experimental week interaction, P = 0.005.

Enteric Gas Emissions

Carbon dioxide and CH, emissions were greater (P
< 0.05) for cows fed MPA compared with MPD diets
(Table 7). Methane emission yield tended to be greater
(P = 0.08) for MPA compared with MPD, and there
was a MP x dHis interaction (P = 0.04) for ECM in-
tensity so that MPA3.0 tended (P = 0.07) to have a
lower CH, emission intensity compared with MPA2.1,
whereas emission intensity was similar for MPD2.1 and
MPD3.0.

Apparent Total-Tract Digestibility
and Nitrogen Excretions

Intake of nutrients, except for starch, were greater (P
< 0.02) during the fecal sampling period for cows fed
MPA compared with those fed the MPD diet (Table 8).
Apparent total-tract digestibility of all nutrients, except
for starch, was greater (P < 0.001) for MPA compared
with MPD. Level of dHis had no effect on intake or di-
gestibility of dietary nutrients. There was a MP x dHis
interaction (P = 0.007) for NDF digestibility; MPD3.0
had a greater (P = 0.003) NDF digestibility compared
with MPD2.1, but there was no difference between the
2 dHis levels for the MPA diet.

Nitrogen intake was greater (P < 0.001) for MPA
compared with MPD but similar between the 2 His lev-
els (Table 9). Fecal N excretion was greater (P = 0.02)
for cows fed MPA compared with MPD and tended to
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be greater (P = 0.09) for dHis3.0 versus dHis2.1. Total
excreta N tended to be greater (P = 0.10) for cows
fed MPA. Fecal N and milk N as % of N intake were
lower (P < 0.002) for MPA and fecal N was greater
(P = 0.008) for dHis3.0, compared with dHis2.1. Total
excreta N as % of N intake tended to be greater (P =
0.06) for dHis3.0. Excretion of urinary PD were similar
across treatments.

DISCUSSION

Target MP deficiency was formulated to be around
15% based on the production level and DMI at the
end of the covariate period. However, the intended MP
deficiency was not achieved due to decreased produc-
tion level of the cows during the experiment (39.7 vs.
44.4 kg/d), and a greater-than-expected DMI (includ-
ing GreenFeed bait feed). The decreased production
level during the experiment may have masked the true
MP deficiency of the cows. Estimated dHis supply
was around 30 g/d greater for dHis3.0 versus dHis2.1,
whereas the MPD diets supplied around 10 g/d less
dHis compared with dHis supply from the correspond-
ing MPA diets.

Dry Matter Intake, Milk Production, and Composition

The lack of effect of MP level on DMI is in agreement
with Giallongo et al. (2015) and Lee et al. (2015) with
cows fed corn silage-based diet supplying 95 and 90%
of MP requirements and with CP content of 14.8 and
13.7% of DM, respectively. The MPD diet in the current
experiment was very close to NRC (2001) recommenda-
tions, and therefore similar DMI between the 2 basal
diets could be expected. Low-protein diets can reduce
DMI, if dietary RDP supply is not sufficient to sustain
ruminal microbes, and ruminal digestibility of nutrients
is decreased (Giallongo et al., 2015). The RDP supply
in the current experiment was not markedly below NRC
(2001) recommendations due to urea supplementation
of the MPD diets, and therefore the MPD diets did not
compromise rumen function to the extent that would
affect passage rate, and thereby DMI and supply of
nutrients to the small intestine. Apparent total-tract
digestibility of nutrients was decreased by MPD (see
below), but not severely enough to compromise cow
performance. Additionally, replacement of soybean
meal with corn in the MPD diets, increased the amount
of carbohydrates supplied to the rumen enhancing the
uptake of fermentable energy, thus enhancing ruminal
microbial growth (Russell et al., 1992). Similar DMI
across treatments and thereby adequate supply of
protein and energy from both MPD and MPA diets,
resulted in a similar MY between the 2 MP levels.
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Cows on dHis3.0 treatment had a greater DMI during
wk 7 of the experiment, but the overall DMI was not
different between the 2 dHis levels. In 2 recent Latin
square experiments from our research group, no ef-
fects of RPHis supplementation on DMI were reported
with MPA (Raisanen et al., 2021a) or MPD (Ré&isénen
et al., 2021b) basal diets. Similarly, no effects of His
supplementation on DMI were reported in 2 Latin
square experiments with corn silage-based diets, with
one supplementing incremental levels of RPHis (Zang
et al., 2019) and the other abomasally infusing incre-
mental levels of His (Lapierre et al., 2021). However, a
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meta-analysis including 20 published experiments with
His supplementation revealed that supplemental His
increased DMI (P = 0.002) by 0.22 kg/d (Réisénen and
Hristov, 2021). Indeed, previous long-term continuous
design experiments, reported a negative effect of His
deficiency on DMI, which was alleviated by His supple-
mentation with MPD (Lee et al., 2012a; Giallongo et
al., 2015) and MPA (Giallongo et al., 2017) basal diets.
It was hypothesized by Réisédnen et al. (2021a) that
a longer term (more than 4 wk) of His deficiency is
needed for a DMI depression to occur. However, in
the current experiment, DMI of cows receiving a diet

Table 5. Muscle AA and dipeptide concentrations (ng/g) of mid-lactation dairy cows fed an MP-adequate (MPA) or MP-deficient (MPD) diet

with 2 levels of digestible (d)His

Treatment’ P-value'
Item' MPA2.1 MPA3.0 MPD2.1 MPD3.0 SEM® MP dHis MP x dHis
Arg 9.62 9.04 9.42 9.52 0.706 0.82 0.73 0.62
His 5.50 7.79 6.25 8.56 0.408 0.06 <0.001 0.98
Ile 7.49 8.55 8.21 7.42 0.361 0.56 0.70 0.01
Leu 10.6 11.8 114 10.2 0.60 0.48 0.95 0.02
Lys 9.20 9.41 9.90 9.64 0.739 0.52 0.97 0.74
Met 1.96 2.26 2.24 2.28 0.160 0.36 0.29 0.40
Phe 4.21 4.28 4.32 4.18 0.131 0.72 0.44 0.49
Thr 7.54 8.84 8.51 8.58 0.497 0.47 0.17 0.21
Val 16.9 18.3 17.5 16.1 0.758 0.24 0.98 0.04
EAA 73.2 79.9 77.9 76.3 2.99 0.89 0.41 0.16
Ala 47.3 54.1 51.2 57.9 4.27 0.33 0.10 0.99
Asn 3.78 3.94 3.44 4.30 0.277 0.90 0.07 0.21
Asp 13.4 16.2 13.2 16.9 2.00 0.92 0.07 0.80
Gln 160 154 162 176 14.3 0.40 0.73 0.43
Glu 79.5 88.8 102 91.2 9.37 0.11 0.88 0.17
Gly 20.2 24.8 26.9 31.9 2.51 0.003 0.03 0.93
Pro 10.4 12.4 11.5 11.7 0.79 0.78 0.15 0.21
Ser 11.1 13.0 13.9 14.3 1.03 0.03 0.24 0.43
Tyr 6.57 6.57 6.79 6.23 0.339 0.86 0.37 0.37
NEAA 354 374 383 400 25.4 0.16 0.33 0.95
Cit 15.7 11.1 11.3 12.2 2.76 0.52 0.90 0.23
Orn 5.03 5.47 5.14 5.28 0.418 0.89 0.46 0.68
Tau 94.3 97.3 98.9 102 6.58 0.44 0.61 0.99
B-Alanine 4.97 3.14 5.37 3.50 1.07 0.68 0.06 0.98
Carnosine 2,395 2,321 2,262 2,421 138 0.91 0.66 0.30
Anserine 249 235 232 245 19.0 0.77 0.95 0.35
1-Methyl-His 1.37 1.36 1.14 0.800 0.140 0.002 0.20 0.14
3-Methyl-His 0.428 0.410 0.436 0.391 0.027 0.81 0.23 0.61
Phosphoserine 4.54 6.02 6.20 5.82 0.542 0.17 0.33 0.08
Phosphoethanolamine 8.45 8.38 8.24 8.29 0.254 0.42 0.79 0.73
Hydroxyproline 2.26 1.85 1.90 2.49 0.472 0.72 0.82 0.28
Homocystine 0.363 0.217 0.519 0.425 0.122 0.10 0.19 0.78
Cystathionine/allocystathionine 0.273 0.327 0.375 0.332 0.038 0.13 0.96 0.15
a-Amino-n-butyric acid 0.773 0.790 0.857 0.723 0.119 0.97 0.63 0.52
3-Amino-isobutyric acid 0.406 0.409 0.299 0.342 0.044 0.01 0.56 0.52
~-Amino-butyric acid 0.913 1.22 0.952 0.766 0.149 0.10 0.72 0.09
Hydroxylysine 0.473 0.521 0.479 0.489 0.0173 0.39 0.06 0.21
Urea 193 208 177 182 10.8 0.008 0.21 0.54

"Muscle samples were collected at the end of the covariate period and
*MPA2.1 and MPA3.0 were formulated to supply adequate MP and 2

during wk 12 of the experimental period.
.1 and 3.0% dHis of MP, respectively, according to NRC (2001). MPD2.1

and MPD3.0 were formulated to be around 80% deficient in MP and to supply dHis at 2.1 and 3.0% of MP, respectively.

3Largest SEM published in table; n = 47 (n represents number of obse
adjusted LSM.

*Main effect of MP = MPA vs. MPD; main effect of dHis = dHis at
MP and dHis level.
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rvations used in the statistical analysis). Data are presented as covariate-

3.0% of MP vs. dHis at 2.1% of MP; MP x dHis = interaction between
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Figure 3. Effect of digestible (d)His on muscle His concentration
(ng/g) of mid-lactation dairy cows. Treatments were dHis2.1 and
dHis3.0, formulated according to NRC (2001), to supply dHis at 2.1
and 3.0% of MP, respectively. Data for wk 12 are covariate-adjusted
LSM, and error bars represent SEM; n = 47. Effect of dHis level dur-
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Figure 4. Apparent efficiency of His utilization (Effg;) of mid-
lactation dairy cows fed MP-adequate (MPA) or MP-deficient (MPD)
diets with 2 levels of digestible His (dHis), dHis2.1 and dHis3.0, re-
spectively. MPA2.1 and MPA3.0 were formulated to supply adequate

ing wk 12, P < 0.001. MP according to NRC (2001), and 2.1 and 3.0% dHis of MP, and

MPD2.1 and MPD3.0 were formulated to be around 80% deficient in
MP and to supply 2.1 and 3.0% of MP, respectively, according to NRC
(2001). Data are LSM, and error bars represent SEM; n = 47. Effect
of dHis level, P < 0.001; effect of MP level, P < 0.001; MP x dHis
interaction, P = 0.04.

Table 6. Estimated digestible (d)His intake, body His pools, and apparent recovery of dHis in milk of mid-lactation dairy cows fed an MP-
adequate (MPA) or MP-deficient (MPD) diet with 2 levels of (d)His

Treatment' P-value®

Item MPA2.1 MPA3.0 MPD2.1 MPD3.0 SEM® MP dHis MP x dHis
Estimated dHis intake,* g/d 69.9 103 60.2 91.5 3.16 <0.001 <0.001 0.61
Milk His,” g/d _ 354 35.9 36.2 344 2.06 0.81 0.62 0.42
Apparent dHis recovery in milk His pool,® % 54.7 37.3 64.4 40.2 0.229 0.003 <0.001 0.09
Blood His pools, g

Plasma His' 0.264 0.312 0.258 0.333 0.014 0.56 <0.001 0.29

His in l—methyl—Hisz 0.018 0.019 0.020 0.018 0.0013 0.45 0.47 0.34

His in 3-methyl-His' 0.018 0.019 0.022 0.021 0.0015 0.03 0.72 0.31

His in carnosine’ 0.058 0.053 0.060 0.062 0.0049 0.21 0.64 0.37

His in hemoglobin’ 3.52 3.51 3.52 3.45 0.139 0.80 0.70 0.79

Total His blood pool® 3.88 3.91 3.88 3.88 0.154 0.92 0.90 0.90
Apparent dHis recovery in blood pool,” % 6.05 4.08 6.97 4.58 0.023 <0.001 <0.001 0.28
Apparent dHis recovery in total His pool,** % 60.7 41.3 71.2 44.8 2.25 <0.001 <0.001 0.07
Effy, ! 0.73 0.49 0.85 0.54 0.024 <0.001 <0.001 0.06

"MPA2.1 and MPA3.0 were formulated to supply adequate MP and 2.1 and 3.0% dHis of MP, respectively, according to NRC (2001). MPD2.1
and MPD3.0 were formulated to be around 80% deficient in MP and to supply dHis at 2.1 and 3.0% of MP, respectively.

’Largest SEM published in table; n = 47 (n represents number of observations used in the statistical analysis). Data are presented as LSM.
*MP = MPA vs. MPD; dHis = dHis at 3.0% of MP vs. dHis at 2.1% of MP; MP x dHis = interaction between MP and dHis level.
*Bstimated using NRC (2001) based on the individual cow DMI, MY, and milk composition during the experiment, and includes dHis from basal
diet and rumen-protected His.

SCalculated as milk CP concertation (%) x milk His concentration, % of milk CP x MY (kg/d). Milk His concentration was assumed to be 2.7%
of milk CP, based on data by Lee et al. (2015).

SCalculated as milk His (g/d) < dHis intake (g/d) x 100.

"Calculated based on an assumed blood volume of 6.7% of BW and plasma volume of 68% of blood volume (Reynolds, 1953).

8Sum of plasma His (g) and His in 1-methyl-His, 3-methyl-His, carnosine, and blood hemoglobin.

’Calculated as total His in blood (g) + dHis intake (g/d) x 100.

"Calculated as [total His in blood (g) + milk His (g/d)] + dHis intake (g/d) x 100.

" Apparent efficiency of His utilization: calculated as sum of His in true exported proteins (g) + [dHis flow (g/d) — endogenous urinary His
excretion (g/d)]. For details see Material and Methods section.

Journal of Dairy Science Vol. 105 No. 1, 2022



Réisanen et al.: DIGESTIBLE HISTIDINE AND METABOLIZABLE PROTEIN

181

Table 7. Enteric gas emissions of mid-lactation dairy cows fed an MP-adequate (MPA) or MP-deficient (MPD) diet with 2 levels of digestible

(d)His
Treatment® P-value’

Ttem' MPA2.1 MPA3.0 MPD2.1 MPD3.0 SEM? MP dHis MP x dHis
CO,, g/d 13,745 14,002 13,150 13,475 306 0.05 0.31 0.90
CH,, g/d 406 400 356 356 14.3 0.001 0.84 0.81
H,, g/d 2.06 2.16 1.95 1.70 0.161 0.06 0.96 0.20
CH, per DMI, g/kg 15.6 15.5 13.9 14.7 0.77 0.08 0.60 0.53
CH, per milk yield, g/kg 10.6 9.46 9.32 9.23 0.48 0.12 0.19 0.26
CH, per ECM yield, g/kg 11.1 10.0 9.49 10.1 0.44 0.07 0.55 0.04

"Enteric gas emission data were collected daily and averaged biweekly over the experimental weeks.

*MPA2.1 and MPA3.0 were formulated to supply adequate MP and 2.1 and 3.0% dHis of MP, respectively, according to NRC (2001). MPD2.1
and MPD3.0 were formulated to be around 80% deficient in MP and to supply dHis at 2.1 and 3.0% of MP, respectively.

3Largest SEM published in table; n = 212. Data are presented as covariate-adjusted LSM.
‘MP = MPA vs. MPD; dHis = dHis at 3.0% of MP vs. dHis at 2.1% of MP; MP x dHis = interaction between MP and dHis level; H,, MP x

week interaction P = 0.05.

supplying 64 (MPA2.1) or 57 g/d (MPD2.1) of dHis
for 12 wk was not compromised regardless of MP level.
This is in contrast to the previous findings by Lee et
al. (2012a) and Giallongo et al. (2015, 2017), where
supply of dHis from control diet was 44, 59, or 49 g/d,
respectively. The greater-than-expected MP balance
for the MPD diets in the current experiment may have
masked the possible interaction of MP and His level in
regard to DMI of the cows. Feed intake is regulated by
a complex combination of hormones and signaling mol-
ecules linked to nutrient supply (Allen, 2014). Hence,
it would require experiments specifically designed to
study His effects on feed intake regulation in dairy
cows to confirm the hypothesis of His acting directly
or indirectly as a signaling molecule in feed intake, as

discussed in Giallongo et al. (2015) and Réisénen et
al. (2021a).

An additional 30 g/d of dHis from RPHis compared
with basal diet tended to increase MY by 2.2 kg/d,
regardless of MP level, in the current experiment
(Table 3). Overall, His supplementation has shown to
increase MY in various dietary situations and sources
of supplementation (an average increase of 0.36 kg/d,
P < 0.001, in the meta-analysis by Raisanen and Hris-
tov, 2021). In a recent short-term crossover experiment
from our laboratory, an increase up to 3.4 kg/d between
the lowest (37 g/d) and greatest (63 g/d) dHis supply
were observed with an MPD basal diet supplying 85
to 90% of NRC (2001) MP requirements (Réisénen et
al., 2021b). Another short-term crossover experiment

Table 8. Intakes and apparent total-tract digestibility of nutrients of mid-lactation dairy cows fed an MP-adequate (MPA) or MP-deficient

(MPD) diet with 2 levels of digestible (d)His

Treatment’ P-value®
Ttem MPA2.1 MPA3.0 MPD2.1 MPD3.0 SEM? MP dHis MP x dHis
Nutrient intake, kg/d"
DM 27.0 27.0 25.6 24.8 1.15 0.02 0.55 0.62
OM 25.4 25.4 24.2 23.4 1.08 0.02 0.53 0.61
CP 4.49 4.56 3.92 3.85 0.183 <0.001 0.99 0.54
NDF 10.0 9.92 8.91 8.91 0.412 <0.001 0.82 0.81
ADF 5.40 5.43 5.00 4.71 0.225 <0.001 0.39 0.27
Starch 6.30 6.21 6.31 6.27 0.278 0.87 0.72 0.87
Apparent digestibility, %
DM 68.9 68.9 67.1 67.7 0.41 <0.001 0.43 0.40
OM 70.6 70.8 68.8 69.6 0.45 0.001 0.25 0.57
CpP 72.8 73.6 71.1 70.9 0.69 <0.001 0.63 0.40
NDF 50.4 49.4 42.2 45.8 0.82 <0.001 0.12 0.007
ADF 41.5 40.8 34.4 34.6 1.16 <0.001 0.83 0.67
Starch 98.0 97.9 97.8 97.9 0.06 0.14 0.73 0.23

'MPA2.1 and MPA3.0 were formulated to supply adequate MP and 2.1 and 3.0% dHis of MP, respectively, according to NRC (2001). MPD2.1
and MPD3.0 were formulated to be around 80% deficient in MP and to supply dHis at 2.1 and 3.0% of MP, respectively.

2Largest SEM published in table; n = 47. Data are presented as LSM.

SMP = MPA vs. MPD; dHis = dHis at 3.0% of MP vs. dHis at 2.1% of MP; MP x dHis = interaction between MP and dHis level.

‘Intake during the week of fecal collection, experimental wk 11.
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Table 9. Nitrogen utilization and urinary purine derivates excretion of mid-lactation dairy cows fed an MP-adequate (MPA) or MP-deficient

(MPD) diet with 2 levels of digestible (d)His

Treatment’ P-value'
Ttem' MPA2.1 MPA3.0 MPD2.1 MPD3.0 SEM? MP dHis MP x dHis
N intake, g/d 718 729 627 615 29.2 <0.001 0.97 0.54
N excretion or secretion, g/d
Urine N 186 223 179 186 21.3 0.30 0.28 0.46
Urinary urea N 175 181 164 171 17.7 0.50 0.68 0.98
Fecal N 175 198 170 171 9.7 0.02 0.09 0.12
Total excreta N 359 421 349 355 23.0 0.10 0.14 0.23
Milk N 199 197 197 193 12.0 0.74 0.72 0.86
As % of N intake
Urine N 25.6 31.5 29.2 31.5 3.58 0.53 0.17 0.55
Urinary urea N 24.5 25.5 27.0 28.9 3.08 0.15 0.47 0.82
Fecal N 24.3 27.0 27.0 27.7 0.68 0.004 0.006 0.08
Total excreta N 49.9 58.4 56.3 59.2 3.44 0.24 0.06 0.35
Milk N 27.7 27.2 31.4 31.4 1.36 0.002 0.81 0.82
Urinary purine derivate (PD) excretion,
mmol/d
Allantoin 491 552 497 486 47.8 0.51 0.60 0.44
Uric acid 49.4 55.0 56.3 55.3 6.72 0.59 0.74 0.61
Total PD 540 607 553 541 51.6 0.59 0.60 0.44

'Urine samples were collected during experimental wk 11.

*MPD = diets supplying MP at 97% of NRC (2001) recommendations; MPA = diets supplying MP at 110% of NRC (2001) recommendations.

*Largest SEM published in table; n = 47. Data are presented as LSM.

‘MP = MPA vs. MPD; dHis = dHis at 3.0% of MP vs. dHis at 2.1% of MP; MP x dHis = interaction between MP and dHis level.

with incremental levels of abomasally infused His (0
to 30.4 g/d) reported a linear increase in MY up to
4 kg/d compared with control (Lapierre et al., 2021).
Similarly, long-term experiments with corn silage-based
MPD (Lee et al., 2012a; Giallongo et al., 2015) and
MPA (Giallongo et al., 2017) diets have reported 9, 4,
and 8% increase in MY with RPHis supplementation
(Lee et al., 2012a; Giallongo et al., 2015) or dHis sup-
plied with the basal diet (49 vs. 68 g/d, Giallongo et
al., 2017), respectively. The minimal MP deficiency for
the MPD diets and similar DMI among treatments in
the current experiment likely contributed to the lack of
MP x His interaction in terms of MY response. These
findings further support the conclusions from Raisdnen
et al. (2021a,b) that the extent and length of His de-
ficiency, degree and type of His supplementation, type
of basal diet and supply of MP and other AA from the
basal diet will affect the magnitude of MY response to
His supplementation.

The response in milk true protein concentration to
different types of His supplementation has been incon-
sistent across experiments. In accordance with the cur-
rent experiment, Lee et al. (2012a), Zang et al. (2019),
and Réaisénen et al. (2021a) reported no effect of RPHis
supplementation on milk true protein concentration in
cows fed corn silage-based diets. However, a linear trend
for increased milk true protein concentration with in-
creasing dHis dose from RPHis with an MPD basal diet
was observed in Raisinen et al. (2021b), as well as with
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postruminal infusion of His with grass silage-based diet
(Huhtanen et al., 2002) and RPHis supplementation of
an MPD corn silage-based diet (Giallongo et al., 2015).
Milk true protein yield, on the other hand, has shown a
fairly consistent positive response to His supplementa-
tion, with an average increase of 0.31 kg/d (P < 0.001)
reported across 20 experiments with supplemental
RPHis or free His infused postruminally (Raisédnen
and Hristov, 2021). Indeed, several experiments with
RPHis supplementation on MPD (Giallongo et al.,
2015; Zang et al., 2019; Réisénen et al., 2021b) and
MPA (Giallongo et al., 2017) corn silage-based diets
reported increased milk protein yields. Infusion studies
with corn silage-based (Lapierre et al., 2021) and grass
silage-based diets (Korhonen et al., 2000; Huhtanen et
al., 2002) have also reported a positive milk true protein
yield response to postruminal infusion of His. However,
incremental dHis levels supplemented in the form of
RPHis on an MPA corn silage-based diet did not result
in increased milk true protein yield (Raisénen et al.,
2021a), in line with data from the current experiment.
The milk true protein response to His supplementation,
or lack thereof, can be affected by the type (RPHis
vs. L-His) and site (TMR or abomasal infusion) of His
supplementation, and more importantly, by dietary
RUP supply (Lapierre et al., 2021). The cow becomes
more reliant on microbial protein as a source of dEAA
with low RUP diets (MPD or grass silage-based diets),
and therefore less His is supplied to the small intestine
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because the concentration of His in microbial protein
is low in relation to its concentration in milk protein
(Kim et al., 1999; Réaisénen et al., 2021b). As a result,
low RUP diets may result in greater milk true protein
response when dietary supply of His is increased com-
pared with diets supplying adequate RUP. Raisanen et
al. (2021a) indicated that additional supplemental His
was directed elsewhere in the body than milk protein
synthesis when MP was not deficient. This is supported
by the data from the current experiment, as muscle His
concentration was greater for dHis3.0 (see below).

Milk fat concentration was 8% lower for MPD com-
pared with MPA diet. We hypothesize that this can be
partly due to a greater NFC (45 vs. 43% of DM) and
starch (25 vs. 23% of DM) amounts in MPD versus MPA
diet, as readily fermentable carbohydrates from the diet
can alter rumen biohydrogenation pathways and cause
depression in milk fat synthesis (Bauman and Griinari,
2003). The observed MP x His interaction for milk
fat yield might have been a combined effect of shift in
ruminal biohydrogenation and a change in the balance
of absorbed AA when a low-protein diet (MPD) was
supplemented with RPHis. Greater circulating His con-
centration can lead to decreased mammary blood flow
and thereby decreased availability of glucose, acetate
and BHB at the mammary gland (Cant et al., 2003;
Raisénen et al., 2021b).

As expected, MUN concentration was lower for MPD
compared with MPA diet. When dietary protein concen-
tration of dairy cow rations is decreased, a subsequent
decrease in MUN concentration is commonly observed
(Jonker et al., 1998; Lee et al., 2012a; Giallongo et al.,
2015). This can be attributed to a more efficient use
of NH; in the rumen, as well as less urea being formed
from excess N from AA not required by the animal and
being eliminated as urea N in urine (Nousiainen et al.,
2004).

Plasma and Muscle Amino Acid Concentrations

As expected, plasma concentration of EAA were low-
er for cows fed MPD compared with MPA diet. Lower
dietary supply of protein will lead to less AA being
absorbed at the small intestine and consequently lower
plasma concentration of AA (Broderick et al., 1974).
Further, the tissue uptake of available AA will increase
and the efficiency of use of AA will increase to compen-
sate for lower dietary supply of AA (Cant et al., 2018;
Omphalius et al., 2019), which also partly contributes
to lower plasma concentration of EAA when diets sup-
plying less MP are being fed. Indeed, the estimated Ef-
i was greater for cows fed MPD compared with cows
fed MPA (see below), indicating an increased efficiency
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of apparent His utilization for milk protein synthesis
with the latter diets. Interestingly, muscle concentra-
tions of EAA were not different between MPD and
MPA diets, further suggesting that cows on MPD diet
were receiving enough AA from the diet and microbial
protein to support the same level of production as cows
on MPA diet without needing to mobilize EAA (other
than His) to support milk protein synthesis. However,
plasma concentration of His containing molecules (1-
MH, 3-MH, and carnosine) were greater whereas the
muscle concentration of 1-MH was lower for cows on
MPD diets, which does point to mobilization of these
dipeptides and protein from the muscle tissue and may
have partially masked the His deficiency and lead to
lack of difference in milk protein yield between the 2
MP levels. This is also supported by the fact that the
concentration of 3-MH was not different between the 2
MP levels at the beginning of the experiment (wk 2),
but concentration of 3-MH increased in cows fed the
MPD diet over the course of the experiment, pointing
to increased mobilization of muscle protein over time
(Figure 2). Previous studies have shown mobilization
of endogenous His to alleviate His shortages and partly
mask the apparent dietary His deficiency (Lapierre et
al., 2021). According to calculations by Giallongo et al.
(2017), body reserves of His in form of muscle carno-
sine and hemoglobin could provide enough His for ap-
proximately 7 wk. In the current experiment, however,
carnosine and hemoglobin were not affected despite the
length of the experiment (12 wk), but other endogenous
sources of His may have played a role, as discussed
above. Lapierre et al. (2021) calculated that in their
experiment labile pools of His may have contributed 1
to 2.3 g/d of endogenous His. Albeit a relatively small
amount, this additional His resulted in synthesis of an
additional 33 and 77 g/d milk true protein. The quan-
titative role of endogenous His pools as a source of His,
and under what circumstances the different sources are
mobilized, is not yet fully understood in the lactating
dairy cow.

The lower muscle His concentration with dHis2.1
compared with dHis3.0, is in agreement with a previ-
ous continuous design experiment from our laboratory
(Giallongo et al., 2017), as well as a Latin square ex-
periment with incremental levels of RPHis by Zang et
al. (2019). Giallongo et al. (2017) suggested that the
decreased muscle concentration of His and an accom-
panying increase in -alanine concentration points to
a release of His from the muscle and a likely impaired
synthesis of carnosine and anserine under His defi-
ciency. This indicates, that despite the lack of milk true
protein response to dHis3.0, dHis supply from dHis2.1
may have been insufficient in the current experiment,
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which is also suggested by Effy;, estimates (see follow-
ing section). Mobilization of His from the muscle may
have partly masked this deficiency and can explain the
lack of milk true protein response to His supplementa-
tion. The lack of response in muscle carnosine and an-
serine concentrations to dHis level may have been due
to the fact that these labile His pools can be released
differently from individual muscles; when collecting bi-
opsy samples from a single muscle, the mobilization of
AA and peptides may not be reflective of whole-body
mobilization of AA (Lapierre et al., 2021). It was sug-
gested that pooled plasma samples may better repre-
sent the responses in whole-body tissue concentrations
compared with concentrations measured in individual
muscles (Lapierre et al., 2021). Indeed, the plasma di-
peptide and methyl-His concentrations discussed above
indicate a mobilization of labile His pools and muscle
tissue in cows fed the MPD diet.

Calculated His Pools

As expected, apparent recovery of His in milk and
Effy;, decreased with increasing dHis supply. This is
in line with data from our dose-response experiments
(Réaisénen et al., 2021a,b) as well as data by Lapierre
et al. (2021). Further, MP level also affected the ef-
ficiency of His utilization, being greater with MPD
compared with MPA diet. Even though the overall
MP deficiency in the current experiment was marginal
compared with the MP deficiency reported in Raisanen
et al. (2021b), dHis supply was around 10 g/d lower
for MPD compared with MPA diet, and consequently,
the efficiency of His utilization was lower at the greater
MP level because milk true protein yields were similar
across treatments. Lapierre et al. (2021) suggested the
optimal Effy; in lactating dairy cows to be around 0.77,
which was further confirmed in a short-term crossover
experiment by Réisénen et al. (2021b). Based on this
target efficiency, in the current experiment the dHis2.1
treatment was deficient in dHis for the MPD diet but at
the target efficiency for the MPA diet, whereas dHis3.0
supplied dHis in excess regardless of MP level (Figure
4). Data from the current experiment further confirm
the complexity of defining the optimal supply of His in
lactating dairy cows, as also discussed in Lapierre et al.
(2021). The complex and unclear role of labile His pools
(muscle dipeptides and hemoglobin), and mobilization
of His from muscle tissue, complicate the establishment
of His deficiency and requirements in lactating dairy
cows. Indeed, the mobilization of dipeptides and muscle
His may have masked the His deficiency for dHis2.1 in
the current experiment indicated by the Effy;, calcula-
tions.
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Enteric Gas Emissions

The greater emissions on the MPA diet can be partly
explained by the numerically greater DMI intake of
these cows, as DMI is driving enteric CH, emissions in
ruminants (Hristov et al., 2013a). However, CH, yield
per kg DMI tended to be greater for MPA compared
with MPD. This was most likely a result of a greater
NFC and starch content of MPD diet. Highly ferment-
able carbohydrates cause a shift in the fermentation
pathways in the rumen, shifting the VFA production
more toward propionate, and away from acetate, that
yields more CH,. Hence, less CH, is formed when highly
fermentable CHO are available in the rumen (Johnson
and Johnson, 1995). The greater CH, emission intensity
was a result of a greater CH, emission with MPA diet
combined with similar MY between these diets (Hristov
et al., 2013b).

Apparent Total-Tract Digestibility
and Nitrogen Excretions

The greater intake of nutrients by cows fed MPA diet
was a result of a greater DMI during the fecal sample
collection event on wk 11 of the experiment. Starch
content of the MPD diet was greater compared with
MPA diet, and therefore no difference in starch intake
was observed. Interestingly, digestibility of all nutrients
except for starch was greater for MPA diet compared
with MPD diet. Previous experiments from our labora-
tory with MPA and MPD diets, have reported decreased
digestibility with MPD diets (Lee et al., 2012a,b; Gial-
longo et al., 2015). With low-protein diets the propor-
tion of endogenous proteins increases and contributes
to the decreased apparent digestibility of CP (Giallongo
et al., 2015). Further, even though the MPD diet had
similar RDP to the MPA diet, RDP supply from true
protein may have been limiting digestibility in cows fed
the former diet, as discussed in Giallongo et al. (2015).
Indeed, previous research has shown that microbial
growth and protein synthesis can be enhanced by sup-
plying NAN and AA to the rumen (Argyle and Baldwin,
1989; Clark et al., 1992; Broderick and Reynal, 2009),
and thus enhancing rumen fermentation. There was,
indeed, a MP x His interaction; cows fed MPD3.0 had
a greater NDF digestibility compared with MPD2.1,
whereas cows fed the MPA diet had similar NDF di-
gestibility regardless of His level. This may suggest a
beneficial effect on ruminal fermentation of His released
in the rumen from RPHis for the MPD diets. In the
case of MPD3.0 an estimated 62 g/d may have been
released in the rumen from the RPHis product (assum-
ing a 52% rumen escape of the experimental RPHis



Réisanen et al.: DIGESTIBLE HISTIDINE AND METABOLIZABLE PROTEIN

product used), which may have stimulated microbial
fermentation, compared with MPD2.1 (no RPHis sup-
plemented). Data on specific effects of His on microbial
growth and fermentation in the rumen are lacking. An
in vitro experiment by Kajikawa et al. (2002) identified
7 indispensable AA (Leu, Trp, Tyr, Glu, Met, Phe, and
Val) as having stimulatory effect on ruminal bacterial
growth. Adding His, Gly, and Cys resulted in some ad-
ditional positive effects on microbial growth rates. It
was suggested that considering the deficiency or excess
of specific AA, rather than optimal combination, is a
better way to stimulate microbial growth in the rumen
(Kajikawa et al., 2002). In the current experiment, low
true protein RDP supply (AA-N) with the MPD diet
may have limited ruminal microbial growth efficiency
and thereby rumen fermentation. The additional His
available for the rumen microbes in the form of RPHis
from the MPD3.0 diet may have partially alleviated
this deficiency, as was indicated by the increased NDF
digestibility for MPD3.0 vs. MPD2.1; this, however,
was not supported by the urinary PD excretion data.
Overall, the extent of RDP-deficiency, and subsequent
negative effects on nutrient digestibility, was not severe
enough to compromise the overall production of the
cows on the MPD diets, as discussed above.

It is well established that diets with greater CP
concentration will lead to greater urinary N excretion
(Broderick, 2018) as was the case in the current experi-
ment for MPA versus MPD. Excretion of both fecal N
and total excreta N were greater for the MPA diets
with CP concentration of 16.6 to 16.9% of DM com-
pared with the MPD diets with CP of 15.3 to 15.5%.
Further, milk N as % of N intake was greater for MPD
diet, indicating that dietary N was more efficiently used
of milk protein synthesis at lower dietary protein levels
(Metcalf et al., 2008), which is supported by the lower
MUN concentration and greater Effy;, for MPD diet as
discussed above. These data further emphasize that CP
concentration of dairy diets can be reduced to around
15.5% of DM without detrimental effects on produc-
tion resulting in increased milk N efficiency (Lee et al.,
2015). This can be done as long as EAA and MP sup-
ply from the diet are sufficient, as was the case in the
current experiment. The tendency for greater fecal N
excretion for dHis3.0 indicated that part of the N from
RPHis was not released at the small intestine but ex-
creted in feces. Indeed, Raisénen et al. (2020) reported
that around 24% of His from a fat-coated RPHis was
recovered in feces.

CONCLUSIONS

In the conditions of the current long-term experi-
ment, cows fed a corn silage-based diet supplying 110%
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of MP of NRC (2001) recommendations had similar
milk and milk protein yield to cows fed a diet supply-
ing MP at around 95% of requirements. Irrespectively
of dietary MP, supplying dHis at 3.0 of MP (or 88-97
g/cow per day) increased MY and plasma and muscle
concentrations of His, but had no or minor effects on
milk composition and ECM yield in dairy cows. Cal-
culated apparent efficiency of dHis utilization revealed
that His may become deficient in diets supplying dHis
at or below 57 g/cow per day.
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