
Response of Dairy Cows Fed Grass Silage Diets to Abomasal Infusions
of Histidine Alone or in Combinations
with Methionine and Lysine

A. VANHATALO, P. HUHTANEN, V. TOIVONEN,
and T. VARVIKKO

Animal Production Research, Agricultural Research Centre of Finland,
FIN-31600 Jokioinen, Finland

ABSTRACT

The response of dairy cows fed grass silage-based
diets to the abomasal infusion of water (control) or 6.5
g of His alone or in combination with either 6.0 g of
Met or 19.0 g of Lys or both was studied in an incomplete
4 × 5 Latin square experiment with 14-d periods. Each
cow received a basal diet of 8 kg/d of cereal concentrate
[12.1% crude protein (CP)] and free access to grass si-
lage (14.1% CP) ensiled with an acid-based additive.
Postruminal infusions increased arterial plasma con-
centrations of the amino acids (AA) infused, but com-
pared with control, only the infusion of His (18 vs. 57
µmol/L) was associated with significant increases in
milk and milk protein yields. Infusions of His did not
affect dry matter intake of grass silage, rumen fermen-
tation, or diet digestibility. Milk protein content was
unchanged by treatments, but His infusions decreased
lactose and fat contents. The combinations of AA did
not produce any further responses compared with His
alone. However, milk protein percentage was slightly
higher, and milk fat percentage tended to be higher
when Met rather than Lys was infused with His. We
concluded that His is the first-limiting AA when grass
silage-based diets are supplemented with cereal con-
centrates, while neither Met nor Lys are the second-
limiting AA with grass silage feeding.
(Key words: dairy cows, histidine, infusions, grass
silage)

Abbreviation key: AV = arteriovenous, BCAA =
branched chain AA, EAA = essential AA, ECM = energy
corrected milk, HI = histidine infusion, HL = histidine
and lysine, HM = histidine and methionine, HML =
histidine, methionine, and lysine, NEAA = nonessen-
tial AA, TAA = total AA.

INTRODUCTION

There is increasing interest in optimizing the delivery
of AA to the duodenum to accurately meet the AA re-
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quirements of the ruminant animal. Such delivery is
of interest not only to increase the efficiency of conver-
sion of dietary N into milk protein, thereby reducing
feed costs and improving the composition of milk prod-
ucts, but also to address environmental concerns in
dairy cow feeding to suppress N excretion in manure.
Optimization of AA supply can be done, e.g., by increas-
ing diet CP content with appropriate protein supple-
ments, reducing rumen degradability of feed CP pro-
vided that rumen-degradable CP is sufficient in the
diet, increasing production of microbial protein in the
rumen, or using rumen-protected AA. In principle, the
last mentioned mean is the most effective approach to
optimize AA supply because AA specifically needed can
be supplemented without increasing the content of AA
not needed in the diet; i.e., the animal does not need
to excrete surplus N from supplemental AA. Most of
the commercial products of rumen-protected AA are
based on Met or Lys or both because they have often
been implied as first-limiting AA in corn silage but also
in grass silage-based diets (27, 31).

In our previous experiments (35), infusing linearly
increasing amounts of Met or Lys into the abomasum
of cows fed grass silage-based diets had no significant
effects on milk or milk protein yield. Instead, milk fat
content and yield increased significantly in response to
Met, and milk urea content increased in response to
Lys. These results suggested that neither Met nor Lys
is the first-limiting AA on grass silage-based diets.
However, these AA were not infused in the presence of
each other. Therefore, possible co-limitation of these AA
is open for discussion. The collected data were, however,
further used to calculate output to input ratios of essen-
tial AA (EAA). These theoretical calculations suggested
His to be the most probable candidate for the first-
limiting AA, and Met and Lys were in the group of AA
potentially becoming limiting after His. The objective
of the present experiment was to investigate the lacta-
tional and metabolic responses of cows to the abomasal
infusion of His alone or in combination with either Met
or Lys or both.
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MATERIALS AND METHODS

Cows and Feeding

Four Finnish Ayrshire cows (90 to 120 DIM) at third
or fourth lactation were used in the experiment. The
mean live weight of cows was 509 ± 72 kg at the begin-
ning of the experiment, and 542 ± 64 kg at the end
of the experiment. The cows were fitted with rumen
cannulas, and infusion catheters were introduced into
their abomasums as described earlier (35). The cows
were kept in individual stanchions and milked twice
daily, at 0700 and 1700 h.

The cows were given free access to grass silage so
that orts were not more than 10% of the daily portion.
Grass silage was made of primary growth of timothy
(Phleum pratense), meadow fescue (Festuca pratensis),
and red clover (Trifolium pratense). It was cut and en-
siled with an acid based additive as described pre-
viously (35). The concentrate mixture given to the ani-
mals twice daily at a rate of 8 kg/d as fed consisted
of barley (41%), oats (41%), molassed sugar beet pulp
(15%), commercial mineral mixture (2.7%), and salt
(0.3%). The mineral mixture contained 16% Ca, 6.4%
P, 9.0% Na, 8.0% Mg, 150,000 IU of vitaimin A/kg,
100,000 IU of vitamin D/kg, and 500 mg of vitamin E/
kg. The mineral mixture also contained (per kilogram)
500 mg of Cu, 10 mg of Se, 3000 mg of Zn, 8 mg of Mo,
1000 mg of Mn, and 100 mg of I. Animals were fed at
0600 and 1800 h. Water was freely available.

Experimental Design and Treatments

The experimental design used was a 4 × 5 incomplete
Latin Square with 14-d periods, of which the latter 7
d formed a collection period. The five treatments allo-
cated to the four cows were continuous abomasal infu-
sions of AA dissolved in 6 L of water/d as follows: 1)
only water was infused (control); 2) 6.5 g/d of His (HI);
3) 6.5 g/d of His and 6.0 g/d of Met (HM); 4) 6.5 g/d of
His and 19.0 g/d of Lys (HL), and 5) 6.5 g/d of His, 6.0
g/d of Met, and 19.0 g/d of Lys (HML). The experimental
solutions were infused with a peristaltic pump as de-
scribed previously (35).

Sampling, Recordings, and Chemical Analyses

Feed intake and milk yield of cows were recorded
daily throughout the experiment. However, data from
collection period only was used in statistical analyses.
Feed, milk, blood, and rumen fluid sampling have been
described earlier (35). Briefly, blood samples from mam-
mary and tail veins and ruminal fluid samples were
taken on the last day of each experimental period before
the morning feeding and two blood samples and three
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ruminal fluid samples were taken at 3-h intervals
thereafter.

Both blood and ruminal fluid samples were reduced
to period means for each cow before analysis. To deter-
mine the total digestibility of experimental diets, a 5-
d fecal grab sampling with acid-insoluble ash as an
internal marker, was carried out (34).

Feeds and feces for chemical composition and rumi-
nal fluid for VFA were analyzed as previously described
(35). Silage in vitro cellulase digestibility was analyzed
according to Friedel (13). Plasma glucose and NEFA
were measured colorimetrically with commercial GOD-
Perid and NEFA-C reagent kits, respectively. Plasma
AA were analyzed with Biochrom 20 AA analyzer. De-
tails of the procedures as well as analyses on milk for
content of protein, fat, lactose, and urea are described
in our previous paper (35).

Calculations and Statistical Analyses

Mammary extraction of blood metabolites and AA
were calculated as arteriovenous (AV) difference di-
vided by arterial concentration. Mammary plasma flow
was estimated in reference to Phe and Tyr output in
milk protein by an application of the Fick principle as
described by Cant et al. (5) with the exception that the
free milk Phe and Tyr values were neglected. Uptake
of blood metabolites and AA by the mammary gland
were then calculated as AV difference × mammary
plasma flow.

Data were analyzed by the analysis of variance for
Latin square: cow (df 3), period (df 4), treatment (df
4), and the residual effects (df 8) were the sources of
variation. The general linear models procedure of SAS
(28) was used. Treatment differences were further par-
titioned into a single degree of freedom comparisons by
orthogonal contrasts: 1) control versus HI + HM + HL
+ HML; 2) HI versus HM + HL + HML; 3) HM+HL
versus HML, and 4) HM versus HL. Results were ex-
pressed as least squares means and are so presented
throughout the text.

RESULTS

Feed Intake, Rumen Fermentation,
and Diet Digestibility

The chemical composition of feeds given to the ani-
mals is presented in Table 1. Grass silage was restric-
tively fermented and of reasonably good fermentation
quality. However, in vitro digestibility and N content
of the silage were rather low.

Data on feed intake and rumen fermentation are
given in Table 2. Grass silage DMI was not affected by
abomasal His infusions (P > 0.05), but total DMI was
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TABLE 1. Chemical composition of feedstuffs.

Grass silage Concentrate1

pH 4.25
DM,g/kg of feed 209 898

(g/kg of DM)
Ash 75 65
Total N 22.6 19.3
NDF 605 292
Water-soluble carbohydrates 23.2
Lactic acid 37.5
Acetic acid 22.4
Butyric acid 2.9
Ammonia N, g/kg of N 63
Soluble N, g/kg of N 506
In vitro cellulase digestibility,
g/kg of OM 661

1Concentrate was a mix of barley (41%), oats (41%), sugar beet
pulp (15%), and minerals (3%).

slightly higher (P = 0.05) with His infusions as com-
pared with the control. Rumen fermentation parame-
ters were not affected by His infusions. The lower (P =
0.008) proportion of acetic acid and higher (P = 0.02)
proportion of valeric acid in VFA with the His alone
treatment versus His given in combination with other
AA needs to be explained. However, these differences,
although statistically significant, were extremely
small, less than 1 percentage unit, and thus are proba-

TABLE 2. Least squares means for feed intake and rumen fermentation parameters.

AA Infused postruminally1 Contrast (P)2

Control HI HM HL HML SEM 1 2 3 4

DMI, kg/d
Silage 8.9 9.1 9.1 9.0 9.2 0.08 † NS3 † NS
Concentrate 7.2 7.2 7.2 7.2 7.2
Total 16.1 16.3 16.3 16.2 16.4 0.08 * NS † NS

Rumen fermentation
pH 6.28 6.35 6.47 6.40 6.39 0.060 NS NS NS NS
Ammonia N, mmol/L 5.68 5.50 5.26 5.06 5.37 0.423 NS NS NS NS
Total VFA, mmol/L 115 112 109 111 109 2.3 NS NS NS NS

Molar proportion of VFA,
mmol/mol

Acetic 700 694 699 702 705 1.9 NS ** † NS
Propionic 144 147 144 143 142 1.8 NS † NS NS
Butyric 113 117 116 113 111 1.9 NS NS NS NS
Isobutyric 9.2 9.2 9.1 9.1 8.9 0.08 NS NS NS NS
Valeric 11.6 11.9 11.1 11.4 11.5 0.15 NS * NS NS
Isovaleric 13.8 13.5 13.7 13.5 13.4 0.40 NS NS NS NS
Caproic 7.5 7.5 7.0 7.6 7.9 0.33 NS NS NS NS

1Control = No infusion of AA postruminally; HI = 6.5 g of His/d infused postruminally; HM = 6.5 g of
His/d and 6 g of Met/d infused postruminally; HL = 6.5 g of His/d, and 19 g of Lys/d infused postruminally;
and HML = 6.5 g of His/d, 6.0 g of Met/d, and 19 g of Lys/d infused postruminally.

2Contrasts: 1 = Control versus all other infusions, 2 = HI versus HM, HL and HML, 3 = HM and HL
versus HML, and 4 = HM versus HL.

3P > 0.10.
†P ≤ 0.10.
*P ≤ 0.05.
**P ≤ 0.01.
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bly without any biological significance. Digestibility co-
efficients of the diets (on average 70.8% for OM, 68.9%
for N, and 60.6% for NDF) were not significantly af-
fected by the treatments.

Milk Yield and Composition

Infusions of His increased milk yield (P = 0.01), but
energy corrected milk (ECM) yield was not affected (P
> 0.05) (Table 3). Neither was protein content of milk,
but lactose and fat contents decreased (P ≤ 0.03). How-
ever, milk protein content was higher (P = 0.02), and
fat content tended to be higher (P = 0.08) when His was
combined with Met rather than Lys. The His infusions
did not affect lactose and fat yields but increased milk
protein yield (P = 0.007), and, consequently, raised the
protein to fat ratio of milk (P = 0.007). Infusions of His
had no influence on milk urea content. However, milk
urea tended (P = 0.07) to be lower when all three AA
were infused together as compared with the combina-
tions of two AA.

Plasma Metabolites and AA

Arterial concentrations, calculated AV differences,
extractions, and uptakes of glucose and NEFA by the
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TABLE 3. Least squares means for milk yield and milk components.

AA Infused postruminally1 Contrast (P)2

Control HI HM HL HML SEM 1 2 3 4

Milk yield, kg/d 22.9 23.6 23.7 24.2 23.7 0.25 ** NS3 NS NS
ECM4, kg/d 23.3 23.4 23.6 23.4 23.8 0.21 NS NS NS NS
Milk composition, g/kg
Protein 30.4 30.6 31.0 29.8 31.1 0.27 NS NS † *
Lactose 47.7 46.9 46.9 47.3 47.3 0.18 * NS NS †
Fat 43.4 41.1 42.1 40.3 42.5 0.61 * NS NS †

Yield, g/d
Protein 695 721 728 717 729 6.9 ** NS NS NS
Lactose 1094 1107 1110 1143 1115 11.8 † NS NS †
Fat 988 968 986 961 994 12.3 NS NS NS NS

Protein:fat 0.71 0.75 0.76 0.75 0.74 0.010 ** NS NS NS
Urea, mg/L 179 177 190 178 160 8.93 NS NS † NS

1Control = No infusion of AA postruminally; HI = 6.5 g of His/d infused postruminally; HM = 6.5 g of
His/d and 6 g of Met/d infused postruminally; HL = 6.5 g of His/d and 19 g of Lys/d infused postruminally;
and HML = 6.5 g of His/d, 6.0 g of Met/d, and 19 g of Lys/d infused postruminally.

2Contrasts: 1 = Control versus all other infusions, 2 = HI versus HM, HL, and HML, 3 = HM and HL
versus HML, and 4 = HM versus HL.

3P > 0.10.
4ECM, Energy-corrected milk; calculated according to Sjaunja et al. (32).
†P ≤ 0.10.
*P ≤ 0.05.
**P ≤ 0.01.

mammary gland are given in Table 4. Infusions of His
had no influence on these arterial metabolites.

Arterial plasma AA and urea concentrations, AV dif-
ferences, and extractions by the mammary gland are
given in Tables 5, 6 and 7, respectively. Plasma urea
concentrations were not significantly affected by the
treatments. Infusions of His did not affect plasma
branched-chain AA (BCAA), EAA, nonessential AA

TABLE 4. Least squares means for plasma metabolites.

AA Infused postruminally1 Contrast (P)2

Control HI HM HL HML SEM 1 2 3 4

Glucose, mmol/L
Arterial 3.24 3.15 3.24 3.16 3.15 0.065 NS3 NS NS NS
AV4 Difference 0.77 0.77 0.79 0.80 0.84 0.065 NS NS NS NS
Extraction, % 23.9 24.8 24.9 25.7 27.4 2.14 NS NS NS NS
Uptake, g/kg of milk 72.2 76.9 61.3 68.9 69.7 7.42 NS NS NS NS

NEFA, µmol/L
Arterial 96.2 84.8 96.5 105.8 105.4 8.11 NS † NS NS
AV Difference –23.8 –23.3 –8.6 –10.5 –19.2 5.91 NS NS NS NS
Extraction, % –27.9 –31.6 –12.0 –12.9 –24.3 7.13 NS NS NS NS
Uptake, g/kg of milk –3.40 –3.30 –0.93 –1.64 –2.49 0.806 NS NS NS NS

1Control = No infusion of AA postruminally; HI = 6.5 g/d of His infused postruminally; HM = 6.5 g of
His/d and 6 g of Met/d infused postruminally; HL = 6.5 g of His/d and 19 g of Lys/d infused postruminally;
and HML = 6.5 g of His/d, 6.0 g of Met/d, and 19 g of Lys/d infused postruminally.

2Contrasts: 1 = Control versus all other infusions, 2 = HI versus HM, HL, and HML, 3 = HM and HL
versus HML, and 4 = HM versus HL.

3P > 0.10.
4Arteriovenous.
†P ≤ 0.10.
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(NEAA), or total AA (TAA) concentrations as compared
with control, but increased His (P < 0.001) and de-
creased Leu, Phe, Thr, Gly, Ser, and Tyr (P ≤ 0.07
at least). Concentrations of BCAA, EAA, and TAA in
agreement with those of many single AA, e.g., Lys, Met,
Phe, Trp, and Tau, were lower (P ≤ 0.07) when His was
infused alone rather than in combination with other
AA. The same was true (P ≤ 0.08) for the plasma concen-
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trations of AA involved in urea cycle in the liver (Arg,
Cit, Orn). Plasma His, Thr, and NEAA due to Asp, Glu,
and Gly concentrations were higher (P < 0.01) on HM
and HL treatments than on HML treatment. Plasma
Met concentration was higher (P < 0.001) and Lys con-
centration lower (P = 0.004) on HM than on HL
treatment.

Infusions of His did not affect AV for any single AA
(Table 6), except for increases in Thr (P = 0.08) and Ser
(P = 0.009). Arteriovenous differences of Ile, Leu, Lys,
Phe, Thr, Ser, and Tau were larger (P ≤ 0.07) on treat-
ments when His was infused in combination with Met
and Lys rather than alone. The AV difference of NEAA
and Asp (P ≤ 0.04) were higher on HM and HL treat-
ments than on HML treatment, and that of Asn was
higher (P = 0.06) on HM than on HL treatment.

TABLE 5. Least squares means for arterial plasma AA and urea concentration.

AA Infused postruminally (µmol/L)1 Contrast (P)2

AA3 Control HI HM HL HML SEM 1 2 3 4

Arg 65 66 73 82 76 4.0 † * NS4 NS
His 18 53 57 47 38 4.5 *** NS * NS
Ile 124 112 133 153 147 7.1 NS ** NS †
Leu 102 78 92 94 91 5.6 † † NS NS
Lys 82 77 90 120 115 5.2 ** *** NS ***
Met 21 17 33 18 30 1.4 * *** * ***
Phe 49 37 43 42 43 2.2 * † NS NS
Thr 104 91 98 96 85 4.0 * NS * NS
Trp 25 24 32 29 27 2.4 NS † NS NS
Val 201 168 186 205 189 9.2 NS * NS NS
Ala 236 218 245 239 239 8.6 NS * NS NS
Asn 52 47 55 55 51 2.8 NS † NS NS
Asp 11 10 11 12 10 0.6 NS NS * NS
Cit 69 66 74 71 74 3.2 NS † NS NS
Cys 21 26 22 24 21 4.6 NS NS NS NS
Gln 155 147 157 148 139 8.1 NS NS NS NS
Glu 151 162 181 175 153 8.0 NS NS * NS
Gly 333 308 313 313 267 12.0 * NS ** NS
Orn 41 40 45 46 46 2.0 NS * NS NS
Pro 82 76 80 84 77 4.1 NS NS NS NS
Ser 110 95 97 103 88 4.8 * NS † NS
Tau 37 32 39 36 40 1.3 NS *** NS NS
Tyr 48 35 42 43 40 2.6 * † NS NS
BCAA 427 358 410 452 427 20.4 NS * NS NS
EAA 790 722 837 886 840 37.0 NS ** NS NS
NEAA 1198 1124 1204 1197 1087 29.1 NS NS ** NS
TAA 1988 1846 2041 2084 1927 59.7 NS * † NS
Urea 3288 3273 3446 3272 2867 261.7 NS NS NS NS

1Control = No infusion of AA postruminally; HI = 6.5 g of His/d infused postruminally; HM = 6.5 g of
His/d and 6 g of Met/d infused postruminally; HL = 6.5 g of His/d and 19 g of Lys/d infused postruminally;
and HML = 6.5 g of His/d, 6.0 g of Met/d, and 19 g of Lys/d infused postruminally.

2Contrasts: 1 = Control versus all other infusions, 2 = HI versus HM, HL, and HML, 3 = HM and HL
versus HML, and 4 = HM versus HL.

3BCAA = Branched-chain AA (Ile, Leu, and Val), EAA = essential AA (Arg, His, Ile, Leu, Lys, Met, Phe,
Thr, Trp, and Val), NEAA = nonessential AA (Ala, Asn, Asp, Cys, Gln, Glu, Gly, Pro, Ser, and Tyr), and
TAA = EAA + NEAA.

4P > 0.10.
†P ≤ 0.10.
*P ≤ 0.05.
**P ≤ 0.01.
***P ≤ 0.001.

Journal of Dairy Science Vol. 82, No. 12, 1999

The mammary gland extraction rate of His was re-
duced (P < 0.001), and those of Leu, Phe, Thr, Asn, Ser,
and Tyr increased (P ≤ 0.03) in response to His infusions
(Table 7). Extraction rates of His, Thr, Ser, and Tau
were lower (P ≤ 0.03) when His was infused alone rather
than together with other AA. Extractions of Asp and
NEAA were higher (P ≤ 0.07) on HM and HL than on
HML treatment. Extractions of Lys, Asn, and BCAA
were higher (P ≤ 0.03), but that of Met was lower (P =
0.08) on HM than on HL treatment.

Calculated mammary plasma flow rates for the con-
trol, HI, HM, HL, and HML treatments in terms of
liters per day (11,915, 13,218, 10,408, 12,137, 11,348;
SEM 975.6) or liters per kilogram of milk (528, 560,
445, 509, 478, SEM 41.5) were not affected by the abo-
masal AA infusions. However, both of these estimates
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TABLE 6. Least squares means for mammary arteriovenous difference of plasma AA.

AA Infused postruminally (µmol/L)1 Contrast (P)2

AA3 Control HI HM HL HML SEM 1 2 3 4

Arg 30.5 37.9 39.1 40.2 33.0 4.61 NS4 NS NS NS
His 11.2 10.1 13.4 16.1 11.7 1.76 NS NS NS NS
Ile 38.2 31.1 43.9 38.9 36.6 3.49 NS † NS NS
Leu 49.6 45.7 56.9 53.8 54.3 3.48 NS * NS NS
Lys 44.4 42.3 49.2 55.9 55.3 4.31 NS † NS NS
Met 10.2 10.3 12.0 11.7 12.8 0.98 NS NS NS NS
Phe 19.5 17.3 22.3 19.0 20.5 1.37 NS † NS NS
Thr 24.4 24.8 32.9 30.4 28.8 2.17 † * NS NS
Trp 1.3 3.0 3.3 3.4 4.5 1.45 NS NS NS NS
Val 47.7 41.6 55.0 50.9 49.4 5.38 NS NS NS NS
Ala 20.4 20.0 26.8 27.1 15.3 7.18 NS NS NS NS
Asn 12.2 12.9 18.8 14.1 14.8 1.52 NS NS NS †
Asp 4.1 3.9 4.9 5.4 3.6 0.43 NS NS * NS
Cit 4.0 –0.6 4.6 3.8 2.1 1.67 NS † NS NS
Cys 1.3 1.0 1.4 5.1 1.0 0.48 NS NS NS NS
Gln 30.6 30.0 36.9 35.2 22.3 5.59 NS NS † NS
Glu 9.5 4.0 18.9 22.2 10.1 7.42 NS NS NS NS
Gly 9.5 4.0 18.8 22.2 10.1 7.42 NS NS NS NS
Orn 19.0 17.5 20.1 19.2 19.1 1.11 NS NS NS NS
Pro 14.1 4.9 13.9 8.4 4.6 3.82 NS NS NS NS
Ser 6.1 10.7 24.0 18.5 15.2 2.84 ** * NS NS
Tau 2.3 –1.8 3.0 4.3 2.2 1.79 NS * NS NS
Tyr 16.9 16.1 21.6 19.5 19.8 2.10 NS NS NS NS
BCAA 135.5 118.4 155.7 143.4 140.1 11.86 NS † NS NS
EAA 277.1 264.1 327.8 320.0 306.7 26.19 NS NS NS NS
NEAA 176.8 167.8 237.9 229.4 166.9 21.43 NS NS * NS
TAA 453.9 431.9 565.7 549.3 473.6 41.53 NS † NS NS

1Control = No infusion of AA postruminally; HI = 6.5 g of His/d infused postruminally; HM = 6.5 g of
His/d and 6 g of Met/d infused postruminally; HL = 6.5 g of His/d and 19 g of Lys/d infused postruminally;
and HML = 6.5 g of His/d, 6.0 g of Met/d, and 19 g of Lys/d infused postruminally.

2Contrasts: 1 = Control versus all other infusions, 2 = HI versus HM, HL, and HML, 3 = HM and HL
versus HML, and 4 = HM versus HL.

3BCAA = Branched-chain AA (Ile, Leu, and Val), EAA = essential AA (Arg, His, Ile, Leu, Lys, Met, Phe,
Thr, Trp, and Val), NEAA = nonessential AA (Ala, Asn, Asp, Cys, Gln, Glu, Gly, Pro, Ser, and Tyr), and
TAA = EAA + NEAA.

4P > 0.10.
†P ≤ 0.10.
*P ≤ 0.05.
**P ≤ 0.01.

tended (P ≤ 0.13) to decrease when His was infused in
combinations with Met or Lys or both rather than alone.
Uptakes (grams per kilogram of milk) of EAA, NEAA,
or TAA by the mammary gland were generally not af-
fected by the AA infusions (Table 8). However, uptake
of Ser was higher (P = 0.01) on His containing treat-
ments as compared with control. Uptake of Arg was
higher (P = 0.04) and those of Cit and Tau lower (P ≤
0.06) when His was infused alone rather than together
with other AA. Uptake of NEAA and Asp tended to be
(P ≤ 0.11) higher on HM and HL treatments than on
HML. The uptake of Lys was higher (P = 0.06) on HL
than on HM treatment.

DISCUSSION

Characteristics of the Basal Diet

As in our previous experiments (35), AA infusions
had generally no effect on rumen fermentation or diet
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digestibility, indicating that infusions had no effect on
nutrient supply from the basal diet. Assuming metabo-
lizable energy concentration of the experimental diet
(11.0 MJ/kg of DM) on the basis of digestibility of OM
measured, cows consumed metabolizable energy
slightly in excess of requirement. However, as the ex-
perimental diets were not protein supplemented to
avoid the masking influence of AA supplementation,
the calculated supply of AA in terms of AAT (AA ab-
sorbed from the small intestine; 21) was slightly insuf-
ficient to meet the requirements. With grass silage diets
protein supplements, e.g., rapeseed meal and postrumi-
nally infused casein, have consistently increased milk
production with high yielding cows (18, 33) but also
with low producing cows even when their AAT needs
were met (16).

Rumen fermentation patterns of diets based on re-
strictively fermented grass silage are characterized
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with a small proportion of propionate and high propor-
tions of lipogenic VFA (16), which in turn may be a
reason for limited supply of glucose from grass silage
diets (23). In the present study, the average value of
144 mmol/mol for the molar proportion of propionate
was even lower than typically found for these type of
diets (16). The mean ammonia N concentration in the
rumen liquor was 5.4 mmol/L, well exceeding the mini-
mum amount for bacterial needs (30). The amount of
rumen-degradable N available was thus obviously ade-
quate despite the low CP content of the diet (13.2%).
That microbial protein production did not respond to

TABLE 7. Least squares means for extraction (AV1 Difference/arterial concentration) of plasma AA by
the mammary gland.

AA Infused postruminally (%)2 Contrast (P)3

AA4 Control HI HM HL HML SEM 1 2 3 4

Arg 47.5 58.3 53.8 47.8 43.1 5.14 NS5 NS NS NS
His 62.2 18.8 24.5 33.4 34.0 4.04 *** * NS NS
Ile 30.8 27.9 33.2 25.0 24.8 2.21 NS NS NS *
Leu 48.1 59.1 61.9 57.2 59.2 1.80 *** NS NS NS
Lys 53.7 55.0 55.4 46.2 47.7 2.54 NS NS NS *
Met 49.1 59.7 35.7 63.6 42.8 2.78 NS ** † ***
Phe 39.4 47.8 50.5 45.2 47.7 2.86 * NS NS NS
Thr 23.7 27.3 33.1 31.2 34.0 1.42 *** ** NS NS
Trp 5.7 13.5 10.4 12.3 16.1 4.50 NS NS NS NS
Val 23.8 24.6 29.5 24.4 26.0 2.04 NS NS NS NS
Ala 8.6 8.6 11.0 12.1 6.3 3.00 NS NS NS NS
Asn 23.3 27.1 34.2 25.1 28.8 1.82 * NS NS **
Asp 37.6 38.4 43.6 43.8 35.5 2.35 NS NS * NS
Cit 5.4 –1.1 6.1 5.5 2.5 2.20 NS * NS NS
Cys6 6.1 3.9 6.2 8.3 3.7 1.97 NS NS NS NS
Gln 21.1 19.5 23.8 24.0 17.6 3.62 NS NS NS NS
Glu 40.8 40.5 41.3 43.3 38.1 4.15 NS NS NS NS
Gly 2.8 0.9 6.0 6.9 3.9 2.40 NS NS NS NS
Orn 46.9 44.2 45.4 41.6 41.4 2.39 NS NS NS NS
Pro 17.6 6.4 16.8 9.4 5.3 4.59 NS NS NS NS
Ser 5.8 12.2 25.3 18.5 18.2 2.77 *** * NS NS
Tau 5.8 –6.3 7.2 11.2 4.9 4.87 NS * NS NS
Tyr 35.3 46.4 51.0 44.9 49.5 3.87 * NS NS NS
BCAA 31.7 32.9 37.9 31.4 32.6 1.91 NS NS NS *
EAA 49.8 51.1 58.9 54.4 51.5 3.07 NS NS NS NS
NEAA 14.9 14.6 19.8 18.9 15.4 1.55 NS † † NS
TAA 22.8 23.1 27.7 26.0 24.5 1.57 NS NS NS NS

1Arteriovenous.
2Control = No infusion of AA postruminally; HI = 6.5 g of His/d infused postruminally; HM = 6.5 g of

His/d and 6 g of Met/d infused postruminally; HL = 6.5 g of His/d and 19 g of Lys/d infused postruminally;
and HML = 6.5 g of His/d, 6.0 g of Met/d, and 19 g of Lys/d infused postruminally.

3Contrasts: 1 = Control versus all other infusions, 2 = HI versus HM, HL, and HML, 3 = HM and HL
versus HML, and 4 = HM versus HL.

4BCAA = Branched-chain AA (Ile, Leu, and Val), EAA = essential AA (Arg, His, Ile, Leu, Lys, Met, Phe,
Thr, Trp, and Val), NEAA = nonessential AA (Ala, Asn, Asp, Cys, Gln, Glu, Gly, Pro, Ser, and Tyr), and
TAA = EAA + NEAA.

5P > 0.10.
6N = 18, because arterial concentration and AV difference in two cases were 0; thus it was not possible

to include these values in the analysis; SEM in these cases was 0.0249.
†P ≤ 0.10.
*P ≤ 0.05.
**P ≤ 0.01.
***P ≤ 0.001.
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urea supplementation in similar dietary conditions (1)
further supports this finding.

Plasma Metabolites

Amino acid supply. Arterial concentration and
blood flow are the major determinants of AA supply
to the mammary gland (2). Enhanced arterial plasma
concentrations of His, Met, and Lys indicate that abo-
masally infused AA in this experiment increased the
supply of potentially absorbable His, Met, and Lys.
However, increased yields of milk and milk protein
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TABLE 8. Least squares means for mammary uptakes of AA from plasma.

AA Infused postruminally (g/kg of milk)1 Contrast (P)2

AA3 Control HI HM HL HML SEM 1 2 3 4

Arg 2.75 3.76 3.00 3.22 2.65 0.278 NS4 * NS NS
His 0.86 0.87 0.92 1.14 0.85 0.095 NS NS NS NS
Ile 2.56 2.30 2.47 2.44 2.21 0.157 NS NS NS NS
Leu 3.34 3.33 3.23 3.39 3.30 0.211 NS NS NS NS
Lys 3.32 3.45 3.13 3.84 3.76 0.232 NS NS NS †
Met 0.78 0.85 0.78 0.82 0.88 0.042 NS NS NS NS
Phe 1.62 1.60 1.57 1.50 1.57 0.076 NS NS NS NS
Thr 1.48 1.64 1.71 1.72 1.60 0.120 NS NS NS NS
Trp 0.13 0.44 0.32 0.25 0.53 0.171 NS NS NS NS
Val 2.85 2.72 2.76 2.77 2.69 0.161 NS NS NS NS
Ala 0.91 0.91 0.97 1.12 0.69 0.257 NS NS NS NS
Asn 0.94 1.08 1.23 1.01 1.02 0.125 NS NS NS NS
Asp 0.28 0.29 0.29 0.36 0.22 0.041 NS NS † NS
Cit 0.35 –0.06 0.33 0.31 0.19 0.133 NS † NS NS
Cys 0.08 0.07 0.07 0.12 0.05 0.033 NS NS NS NS
Gln 2.28 2.40 2.31 2.11 1.61 0.453 NS NS NS NS
Glu 6.00 6.75 5.90 7.39 5.29 1.039 NS NS NS NS
Gly 0.32 0.16 0.59 0.76 0.36 0.243 NS NS NS NS
Orn 1.27 1.28 1.14 1.18 1.16 0.078 NS NS NS NS
Pro 0.83 0.32 0.69 0.37 0.27 0.236 NS NS NS NS
Ser 0.34 0.67 1.16 0.98 0.79 0.147 ** NS NS NS
Tau 0.18 –0.15 0.19 0.28 0.15 0.096 NS ** NS NS
Tyr 1.55 1.60 1.68 1.62 1.69 0.085 NS NS NS NS
BCAA 8.75 8.35 8.46 8.60 8.20 0.459 NS NS NS NS
EAA 19.7 20.9 19.9 21.1 20.0 1.13 NS NS NS NS
NEAA 15.3 15.3 16.5 17.6 13.5 1.64 NS NS NS NS
TAA 35.0 36.3 36.5 38.7 33.5 2.53 NS NS NS NS

1Control = No infusion of AA postruminally; HI = 6.5 g of His/d infused postruminally; HM = 6.5 g of
His/d and 6 g of Met/d infused postruminally; HL = 6.5 g of His/d and 19 g of Lys/d infused postruminally;
and HML = 6.5 g of His/d, 6.0 g of Met/d, and 19 g of Lys/d infused postruminally.

2Contrasts: 1 = Control versus all other infusions, 2 = HI versus HM, HL, and HML, 3 = HM and HL
versus HML, and 4 = HM versus HL.

3BCAA = Branched-chain AA (Ile, Leu, and Val), EAA = essential AA (Arg, His, Ile, Leu, Lys, Met, Phe,
Thr, Trp, and Val), NEAA = nonessential AA (Ala, Asn, Asp, Cys, Gln, Glu, Gly, Pro, Ser, and Tyr), and
TAA = EAA + NEAA.

4P > 0.10.
†P ≤ 0.10.
*P ≤ 0.05.
**P ≤ 0.01.

(Table 3) were associated only with increased supply
of His. The low concentration of His in arterial plasma
when cows were fed the control diet (Table 5) coupled
with the highest extraction rate (62%) of all AA by the
mammary gland (Table 7) support His as the most
critical AA on this particular diet. Note that plasma
His concentration with control diet in the present
study was more than four times lower than that on
corn-based control diet (18 vs. 76 µmol/L) in the infu-
sion study of Fisher (11), suggesting that His is defi-
cient on a grass silage-based diet, but not on a corn-
based diet. Extremely high plasma His concentration
(135 µmol/L) and reduced intake caused by the highest
level of intravenous His infusion (50 g/d) in Fisher’s
study may have indicated an adverse effect of excess
AA (29). In our study, infusing only of 6.5 g/d of His
on a grass silage diet was an amount high enough to
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elevate arterial plasma His concentration from 18 up
to 57 µmol/L. The latter estimate represents plasma
His concentration often found on corn-based diets (e.g.,
11, 25). However, the low His concentration in arterial
plasma as found on the control diet in the present
study appears to be typical for grass silage diets, be it
extensively (7, 10, 23) or restrictively fermented silage
(23, 36). These plasma His concentrations are almost
as low as those found in lactating goats with induced
His deficiency (2). On the other hand, in some experi-
ments plasma His concentrations up to 40 µmol/L on
grass silage feeding have been found (22, 35). As com-
pared with our previous infusion studies with Met and
Lys (35), it appears that arterial plasma His concentra-
tion is more sensitive than Met or Lys to the changes
in the supply.
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Decreased arterial concentrations of Leu, Phe, Thr,
Gly, Ser, and Tyr (Table 5) may be interpreted as an
indication of the increased uptake of AA used for milk
protein synthesis on His containing treatments. Espe-
cially decreased concentration of Gly reflects the im-
proved protein status of the cows (3), as is also found
in response to abomasal casein infusions (23). Oxida-
tion of Leu, Phe, Thr, and Tyr is limited (4) and, there-
fore, these AA were most probably used as precursors
for protein synthesis. Of the AA mentioned above, Gly
and Ser are also known to be glucogenic (3), although
not to the extent found for highly glucogenic AA such
as Gln, Asp, Ala, and Glu (4). In the present study,
plasma concentrations of Gln and Glu were con-
founded, obviously because of degradation during the
storage of the samples. Mammary AV difference, ex-
traction or uptake of EAA, NEAA, TAA, or BCAA were
not affected by His infusions. Increased uptake of Ser
by the mammary gland with AA infusions has been
found earlier, and it has been linked with possible
metabolism between Ser and lactate or the ability of
Ser to be synthesized from glucose within the mam-
mary gland (22). Based on the decreased concentration
in arterial plasma and the high extraction rate on His
containing treatments (Table 7), Leu was probably the
second-limiting AA in the present study.

Variation in milk yield is usually accompanied by a
similar variation in mammary blood flow, although
this close relationship does not always hold (26). It
has been suggested that AA may influence the rate of
blood flow in ruminants (15). In the present study,
despite enhancing milk yield, infusion of His did not
affect mammary plasma flow. Infusion of Met seemed,
however, to be associated with decreased mammary
plasma flow, as also found previously (15). This associ-
ation may be related to increased arterial concentra-
tion of Tau resulting from abomasal Met infusions.
Taurine is an intermediate of Met metabolism, and it
has been found to affect blood flow by suppressing
blood vessels (37).

NEFA and glucose. Of the energy-yielding metabo-
lites examined, neither arterial NEFA nor glucose
were affected by the treatments. Arterial NEFA con-
centration, on average 98 µmol/L, was typical for grass
silage-fed cows in mid-lactation being in positive en-
ergy balance. The average glucose concentration of
3.19 mmol/L was rather low, but it was in the range
found for cows fed on restrictively fermented grass
silage diets (23). In the present study, the low propor-
tion of propionate in the rumen VFA and the signifi-
cantly decreased milk lactose content on His treat-
ments suggest that an insufficient supply of glucose
limited milk production on His supplemented diets. In
other studies with diets based on restrictively fer-
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mented grass silage increasing the supply of glucose
precursors has increased plasma glucose and milk lac-
tose contents as reviewed by Huhtanen (16). In these
diets, some of the AA are catabolized to produce glu-
cose for lactose synthesis instead of being used in milk
protein synthesis as enhanced milk portein yield with
increased supply of glucose precursors suggest (16,
17). Increasing the molar proportion of propionate in
ruminal VFA by changing the amount of concentrate in
grass silage diets has been difficult (16). For instance,
increasing the proportion of barley up to 75% of diet
DM led to a decrease in the proportion of acetate and
an increase in the proportion of butyrate, but the pro-
portion of propionate remained unchanged (20). There-
fore, in AA infusion studies, it seems essential to en-
sure adequate glucose supply of cows in order to spe-
cifically identify production responses to AA under
study irrespective of the glucose effect. The present
results clearly warrant further investigation on the
possible interaction between His and glucose.

Production Responses to AA Infusions

Effect of His. The significant increases in yields of
milk and milk protein (on average 0.9 kg and 29 g,
respectively) caused by infusions of 6.5 g of His into
the abomasum of cows confirms our hypothesis (35)
that His is the first-limiting AA on grass silage-based
diets. This finding is further confirmed in our later
studies [(19) M. Korhonen, A. Vanhatalo, T. Varvikko,
and P. Huhtknen, 1996, unpublished]. Thus, with milk
yield and milk protein yield as primary response crite-
ria, our results suggest that the general claim that
Met and Lys are the first-limiting AA for production
in ruminants (27, 31) does not apply for grass silage-
based diets. Infusions of His did not affect milk protein
content, and the significant decrease (P < 0.03) in milk
fat content was because of the dilution of fat into the
greater amount of milk produced with His infusions,
resulting in a significant increase in the protein to
fat ratio of milk. Because milk urea content was not
affected by His infusions, the increase in the protein
yield was obviously a result of a stimulated casein
synthesis. Increases in milk protein yield achieved by
postruminal infusions of AA have repeatedly been as-
sociated with increased casein yield, whereas whey
and NPN fractions have not been affected (31). In-
creases in milk protein yield with Met and Lys on corn-
based diets have often resulted from increases in milk
protein content (25, 31) rather than from increases in
milk yield, as was found in response to His on grass
silage-based diet in the present study.

Published results from infusion studies, when His
as a sole AA has been infused postruminally are scarce.
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Fisher (11) observed that increasing amounts of intra-
venous infusion of His increased DMI of cows at low
amounts of His (20 g/d), but reduced it at high His
levels (50 g/d), as compared with the saline control. In
contrast to our studies, milk protein content decreased
at both levels of His infusion. Lack of positive response
to His was obviously related to sufficient His in the
basal diet, which consisted of corn and corn silage,
as will be discussed later. Despite the lack of actual
production data, other references in the literature
speculate on the role of His as a candidate for the first-
limiting AA. Virtanen (36) found that His and Trp in
milk protein were more weakly labeled than were
other EAA after cows were given a single dose of 15N-
labeled ammonium sulfate. This outcome was true for
cows fed purified diets and grass silage diets supple-
mented with oats. Based on these results, he suggested
that the synthesis of these AA, especially of His, may
form a bottleneck in protein synthesis. Later, Fraser
et al. (12) and Chen et al. (9) suggested His in microbial
protein to be the only limiting AA for milk production.
Fraser et al. (12) have also reported significant reduc-
tions in milk and milk protein yields due to removal
of Lys and His, but not Met, from abomasal infusion
of EAA mixture in cows that were maintained by total
intragastric infusion of nutrients. Chen et al. (9) and
Cant et al. (6) have similarly shown that removal of
His from abomasally infused mixtures of AA caused
reduced yields of milk protein. Detailed information
on the diets, amounts of AA infused, or on other pro-
duction parameters measured was not, however, given
in the above reports. Choung and Chamberlain (10)
reported an increase of 26% in protein yield of cows fed
grass silage diet in response to intravenous infusion of
AA mixture including His, Lys, Met, and Trp. Removal
of Met from the mixture did not affect protein yield.
From comparison of AA concentrations in microbial
and whole digesta and feeds used in the experiment
relative to that in milk protein, they concluded that
His is the first-limiting AA in the mixture of the re-
maining three AA infused abomasally in their experi-
ment. Similarly, by comparing bacterial AA composi-
tion in relation to that of milk protein, Oldham (26)
suggested that His could be the first-limiting AA in
ruminants. Our theoretical calculation based on actual
input to output ratios of EAA from experimental data
(35), and the present experimental data on His, justi-
fies and confirms these earlier observations and sug-
gestions.

Amino acid infusion studies have mostly been fo-
cused merely on the idea of identifying the first-lim-
iting AA in terms of production response to infusion
of the particular AA under interest. Less attention has
been paid to the diet effect itself, i.e., whether the

Journal of Dairy Science Vol. 82, No. 12, 1999

variation in the delivery of AA from the basal diet has
any influence on the limiting AA. Our results—His
differing from the general concept that Met and Lys
are the first limiting AA—suggest that AA that first
limits milk production may vary according to diets.
Thus, the role of basal feeding is an important determi-
nant of the first-limiting AA in milk production. Be-
cause the AA flow to the lower tract originates mainly
from microbial and dietary protein, the supply of AA
to the host animal is dependent on the AA composition
and proportional amounts of these protein fractions
in the total protein entering to the lower tract. Thus,
the variation in the first-limiting AA assessed for dif-
ferent diets, e.g., for grass- and corn-based diets, may
be explained by varying proportions of microbial pro-
tein in the digesta entering the duodenum. Microbial
protein is a more important AA source in grass silage
than in corn-based feeding. This difference emphasizes
the role of His as a first-limiting AA on grass silage
feeding, since His is probably the first-limiting AA in
microbial protein (9, 12). On the other hand, on corn-
based diets RUP may be a more important AA source.
Corn rich in His but deficient in Lys, is often supple-
mented with soybean meal, which in turn is deficient
in Met. Therefore, diets based on corn may be adequate
in His but deficient in Met and Lys.

Effects of Met and Lys. No role was noted for Met
or Lys in the increases of milk or milk protein yields in
this experiment. Our earlier results (35) demonstrated
that neither Met nor Lys are the first-limiting AA in
grass silage diet. However, Met and Lys are often con-
sidered as co-limiting AA. The present results do not
support, however, that they are either separately or
together the second-limiting AA on grass silage diets.
Instead, Met seemed to increase milk fat content (+1.8
g/kg) as found and discussed previously (35), although
a slight Met-associated increase in milk protein con-
tent (+1.2 g/kg) contrasted with our earlier findings.
Also, Chamberlain et al. (7) reported that milk produc-
tion responses to Met and Lys in a grass silage diet
have often been limited to inconsistent responses in
milk fat content. For instance, despite a significant
increase in milk yield in response to infusion of protein
or of complete AA mixture on grass silage feeding, an
infusion of both Met and Lys in a similar diet tended
to increase milk fat content without affecting milk
yield (14). It should be noted, however, that the in-
creases in milk fat and protein contents in the present
experiment were associated with Met containing infu-
sions only when there was lack of corresponding re-
sponse to HL treatment. This association suggests that
Met rather than Lys is responsible for fat synthesis.
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CONCLUSIONS

Infused His significantly increased yields of milk
and protein, which indicates that His is the first-lim-
iting AA in milk production of cows fed grass silage
diets supplemented with cereal concentrates. Addi-
tional His decreases milk fat and lactose contents.
Lowered milk lactose content with His suggests that
glucose is the next factor limiting milk production on
grass silage diets. Therefore, the deficiency in glucose
supply of grass silage fed cows needs to be taken into
consideration in further AA research, and the possible
interaction between His and glucose should be studied.
Lack of milk production responses to Met or Lys or
both in combinations with His suggests that neither
of these two AA is the second-limiting AA on grass
silage-based diets. Instead, the role of Leu in this re-
spect deserves further research. Further investigation
is also needed to quantify lactational and metabolic
responses as a function of graded concentration of ad-
ditional His in the diet. Our results—His differing
from the general concept that Met and Lys are the
first-limiting AA—illustrates that AA limiting milk
production varies according to dietary situations.
Thus, the role of basal feeding is an important determi-
nant of the first-limiting AA in milk production.
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