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  ABSTRACT 

  An ideal profile of essential AA (EAA) can improve 
the efficiency of metabolizable protein (or PDIE, the 
equivalent in the INRA feeding system) utilization in 
dairy cows. Compared with other EAA, existing recom-
mendations for the requirements of Arg, Ile, and Val 
are few and inconsistent. Four multiparous Holstein 
dairy cows at 22 ± 6 wk of lactation received 4 treat-
ments (duodenal infusions of 445 ± 22.4 g/d of an EAA 
mixture complementing a low-protein diet in a 4 × 4 
Latin square design with a period length of 1 wk). The 
control treatment provided a balanced supply (in % of 
PDIE) of 5.1% Arg, 5.2% Ile, and 5.9% Val, whereas in 
the 3 subsequent treatments of −Arg, −Ile, and −Val, 
the concentrations of these 3 EAA were reduced to 3.5, 
4.1, and 4.5%, respectively. All treatments were made 
isonitrogenous and were balanced to provide 7 other 
EAA (Lys, Met, His, Leu, Phe, Thr, and Trp), accord-
ing to the recommendations described in the literature. 
Combined, the diet and the infusions provided 14.3 ± 
0.1% crude protein on a dry matter basis, and 66.0 ± 
1.2 g of PDIE/Mcal of net energy for lactation. Neither 
dry matter intake (19.2 kg/d) nor milk yield (30.4 ± 
0.4 kg/d) was affected by treatments. The −Arg and 
−Ile treatments did not modify milk protein synthesis 
or the efficiency of N utilization. However, the −Val 
treatment decreased milk protein content by 4.9% and 
milk crude protein content by 4.3%, and tended to 
decrease the efficiency of N use for milk protein yield 
by 3.7% (compared with the control). These effects of 
Val were related to a decrease in the plasma concentra-
tion of Val as well as a trend toward decreasing plasma 
concentrations of Met, His, and the sum of all EAA and 
nonessential AA in the −Val treatment, which indicates 
a different utilization of all AA in response to the Val 
deficit. The deletion of Ile, compared with the deletion 
of Val, tended to decrease the milk protein-to-fat ratio 
by 3.8%. In conclusion, the supply of Arg at 3.5% of 

PDIE was not limiting for milk protein synthesis. The 
slight effect on the milk protein-to-fat ratio caused by 
decreasing the supply of Ile suggests a need to reevalu-
ate the Ile requirement more precisely. A low Val supply 
could be limiting for milk protein synthesis, provided 
that the requirements of Lys, Met, and His are met. 
  Key words:    branched-chain amino acid ,  arginine , 
 milk protein ,  dairy cow 

  INTRODUCTION 

  Balancing the essential AA (EAA) profile of dairy 
cow diets can improve the efficiency of conversion of 
MP [(NRC, 2001) or protein truly digestible in the 
small intestine (PDI; INRA, 1989)] into milk protein 
(Rulquin et al., 1993; Schwab, 1996; NRC, 2001). In 
dairy cows, aside from the studies on Lys and Met, 
very few postruminal infusion studies are available in 
which supplies of other EAA were altered to test their 
lactation responses. This is especially true for Arg, Ile, 
and Val. Arginine can indirectly affect the synthesis 
of milk protein by limiting the supply of Pro and 
Glu (Mepham, 1982). However, in no research has a 
response been observed on milk protein synthesis by 
changing the supply of Arg (Schwab et al., 1976; Vicini 
et al., 1988; Doepel and Lapierre, 2011). In contrast, 
Ile supply has been variously shown to increase both 
milk yield (Robinson et al., 1999) and milk protein 
content (Schwab et al., 1976), as well as have no effect 
(Korhonen et al., 2002). Increasing the supply of Val 
has been shown to either increase (Schwab et al., 1976) 
or have no effect (Schwab et al., 1976; Korhonen et al., 
2002) on milk protein synthesis. Therefore, it has been 
difficult to establish recommendations for the optimal 
amounts of these AA in MP or PDI. The lowest recom-
mended levels of intestinal supplies for Arg, Ile, and 
Val are proposed by Fraser et al. (1991) at 3.1, 4.4, and 
5.3% of PDI supplied by RUP and by microbial pro-
tein from rumen-fermented OM (PDIE; INRA, 1989), 
respectively. The highest reported concentrations are 
4.8, 5.3, and 6.1% of PDIE, respectively (Doepel et al., 
2004). Although these EAA do not appear to be among 
the most limiting AA, it is important in developing an 
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“ideal” EAA profile to know how changing their sup-
plies may affect lactation responses.

For this experiment, we used the ideal recommenda-
tions for 9 EAA (Arg, Ile, Val, Lys, Met, His, Leu, Phe, 
and Thr) based on the literature (Fraser et al., 1991; 
Doepel et al., 2004; Rulquin et al., 2007), and tested 
the effect of removing Arg, Ile, and Val on lactation in 
an isonitrogenous condition. The decision to decrease 
the supply of these EAA was based on the observation 
that the deletion of an AA has more pronounced effects 
than AA supplementation (Rulquin and Pisulewski, 
2006; Weekes et al., 2006; Doepel and Lapierre, 2011). 
Furthermore, the higher supply levels of Arg, Ile, and 
Val used in this experiment were the highest supply lev-
els recommended in the literature (Doepel et al., 2004), 
whereas upon removal, we intended to go well below 
the lowest recommended levels (Fraser et al., 1991). 
The treatments were made isonitrogenous to ensure 
adequate synthesis of the nonessential AA (NEAA) 
because Arg, Ile, and Val serve as sources of C and 
α-amino N for NEAA synthesis (Wohlt et al., 1977). 
We expected to see a negative effect on the lactation 
performance of dairy cows by supplying an imbalanced 
AA profile or a deficient level of the test AA (Arg, Ile, 
and Val).

MATERIALS AND METHODS

Cows

The experiment was carried out at the INRA 
UMR1348 experimental farm of Méjusseaume (1.71°W, 
48.11°N; Brittany, France) in June 2010. Four multipa-
rous Holstein cows fitted with T-shaped duodenal can-
nula (10 to 15 cm distal to the pylorus) were used in 
this study. One week before the start of the experiment, 
the cows were at 149 ± 54 DIM, their average BW was 
634 ± 58 kg, and their average daily milk yield was 31 
± 2.2 kg/d, with protein and fat contents of 3.0 ± 0.1% 
and 3.9 ± 0.5%, respectively. Before the beginning of 
the experiment, they were provisionally fitted with 
catheters (30 cm; 1.02 mm i.d.; 2.16 mm o.d.; Fisher 
Scientific, Strasbourg, France) in the left jugular vein 
for 7 d. The experiment was conducted in accordance 
with the National Legislation on Animal Care (certified 
by the French Ministry of Agriculture, Agreement No. 
C35-275-23). The cows were housed in individual tie 
stalls and had free access to feed and water.

Experimental Design, Treatments, and Feedings

All treatments were isonitrogenous and were com-
posed of a basal diet and 4 different infusions of AA 
[control (CTRL), −Arg, −Ile, −Val] mixtures in the 

duodenum according to a 4 × 4 Latin square design 
with a 7-d period. The CTRL treatment contained an 
ideal concentration of Arg, Ile, Val, Lys, Met, Leu, His, 
Phe, Thr, and Trp in the intestinal protein for dairy 
cows based on the results found in the literature (Doe-
pel et al., 2004; Rulquin et al., 2007). For the other 
treatments (i.e., −Arg, −Ile, and −Val), the cows 
received infusions containing similar concentrations of 
all EAA as CTRL, except that Arg, Ile, and Val were 
removed from the mixture, respectively. On average, 
the diet supplied 77% of the total PDIE, whereas 23% 
of PDIE was provided in the form of free AA (445 ± 35 
g/d) infused in the duodenum (Table 1). The basal diet 
and AA infusions were formulated to ensure a protein-
to-energy ratio of 66.0 ± 1.2 g of PDIE/Mcal of NEL, 
as proposed by Vérité and Delaby (2000).

The basal diet was formulated to provide (per kg of 
DM) 1.52 Mcal of NEL and 12.4% CP, corresponding to 
77 g of PDIE (Table 2). Furthermore, the diet was for-
mulated in such a way that the 2 assigned PDI values 
[i.e., PDIE and PDI supplied by RUP and by microbial 
protein from rumen-degraded dietary N (PDIN), re-
spectively; INRA 1989] remained equal. The diet was 
offered in a restricted amount per period per cow. Ad-
ditionally, a lactation persistency of 98% for milk yield 
was applied to predict the quantity of the diet to be 
offered. The diet was composed (on DM basis) of 63.4% 
corn silage, 19.8% energy concentrate 1, 14.9% energy 
concentrate 2, 0.4% urea, and 1.5% mineral and vita-
min premix (Table 2). The predicted intestinal flows of 
AA are presented in Table 3.

The CTRL treatment was formulated to ensure that 
it contained (in % of PDIE) 7.3% of Lys, 2.5% of Met, 
8.9% of Leu, 3.0% of His, and 4.0% of Thr, as proposed 
by Rulquin et al. (2007), whereas the supplies of Arg 
(4.8% of PDIE), Ile (5.3% of PDIE), and Val (6.1% of 

Table 1. Composition of the AA mixture infused daily 

AA, g/d

Treatment1

CTRL −Arg −Ile −Val

Arg 30  30 30
Glu 136 237 178 187
His 26 25 27 27
Ile 19 19  21
Leu 26 25 29 29
Lys 40 39 43 43
Met 17 17 18 18
Phe 45 45 49 49
Ser 33 33 38 38
Thr 1  1 1
Trp 8 8 8 8
Val 23 23 26  
1CTRL = Arg, Ile, and Val included in the AA mixture; −Arg = Arg 
removed from the AA mixture; −Ile = Ile removed from the AA mix-
ture; −Val = Val removed from the AA mixture.
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PDIE) were selected based on the recommendations of 
Doepel et al. (2004). Because the concentration of Trp 
in the INRA (2007) system was not known, the quantity 
of Trp for duodenal infusion was calculated by applying 
the Trp-to-Lys ratio (0.18) in milk protein (Swaisgood, 
1995) to the value of 7.3% of Lys. Because of its in-
solubility in water, the supply of Tyr was ensured by 
supplying extra Phe (a precursor of Tyr), so that the 
Phe + Tyr concentration remained at 9.2% of PDIE, 
as is present in milk protein (Swaisgood, 1995). In the 
treatments −Arg, −Ile, and −Val, the concentrations 
of Arg, Ile, and Val were reduced to 3.5, 4.1, and 4.5% 
of PDIE, respectively, when removed from the infusion 
mixtures containing other EAA in similar proportions 
to the CTRL treatment. The NEAA, namely, Glu (20.4 
± 1.9% of PDIE) and Ser (5.5 ± 0.1% of PDIE), were 
used to make the 4 AA infusions isonitrogenous. Fur-
ther, it was taken into account that their concentration 
in PDIE (diet and infusions) was not greater than their 
concentration in milk (Swaisgood, 1995). The percent-
age of EAA in PDIE varied from 45 to 48% in the 
different treatments and was close to the recommenda-
tions of Doepel et al. (2004).

The free AA (l-Lys HCl, l-His HCl H2O, l-Leu, l-
Phe, l-Thr, l-Trp, l-Arg, l-Ile, l-Val, l-GluNa H2O, 

and l-Ser) were obtained from Ajinomoto Co. Inc. (To-
kyo, Japan); dl-Met was obtained from Adisseo (Rho-
dimet, Commentry, France). The AA were dissolved in 
10 L of tap water and infused continuously (24 h) on 
a daily basis in the duodenum by using a peristaltic 
pump (Gilson, Villers de bel, France). Diets were of-
fered at 0830 and 1800 h; cows were milked twice a day 
at 0715 and 1715 h.

Measurement, Sample Collection, and Preparation

The quantity of the diet offered and orts were weighed 
daily. Samples of corn silage and concentrate were col-
lected to determine DM on a daily or weekly basis, 
respectively, in a forced-air oven at 80°C for 48 h. After 
determining DM content of the corn silage, the quantity 
of corn silage offered was adjusted every day to ensure 
the same delivery of DM on each experimental day. 
The samples (corn silage and concentrate) were ground 
to pass a 0.5-mm screen and were subjected to AA 
content analysis using HPLC (Alliance System; Wa-
ters, Guyancourt, France) following protein hydrolysis 
with 6 N HCl at 110°C for 23 h under reflux. The AA 
contents were measured by cation exchange chromatog-
raphy after acid hydrolysis for 24 h (Directive 98/64/

Table 2. Chemical composition and nutritive value of the feedstuffs and diet1 

Item Corn silage Concentrate 12 Concentrate 23 Urea Diet

DM % 38 90 90 98 56
per kg of DM

OM, g 960 973 860  929
CP, g 62 269 131 2,875 124
Ether extract, g 30 49 32  33
NDF, g 389 98 179  293
ADF, g 220 28 73  156
ADL, g 22 4.0 21  18
Crude cellulose, g 207 21 56  143
Starch, g 323 631 357  383
PDIA,4 g 14 24 52  21
PDIN,5 g 38 162 93 1,472 76
PDIE,6 g 67 95 110  77
NEL, Mcal 1.60 1.89 1.89  1.52
1The diet contained corn silage (63.4%), concentrate 1 (19.8%), concentrate 2 (14.9%), urea (0.4%), and 
mineral mixture (1.5%). The mineral and vitamin premix (Cooperl Arc Atlantique, Lamballe, France) was 
composed (on DM basis) of calcium carbonate (52%), dicalcium phosphate (23%), wheat middlings (11%), 
sugarcane molasses (8%), magnesium oxide and other additives (6%) including 600,000 IU of vitamin A and 
80,000 IU of vitamin D3.
2The cereal concentrate 1 (Cooperl Arc Atlantique) was composed (on a DM basis) of corn grains (85.3%), corn 
gluten meal (5.4%), sugarcane molasses (2.6%), salt (1.2%), and urea (5.5%).
3The cereal concentrate 2 (Cooperl Arc Atlantique) was composed (on a DM basis) of wheat (20%), corn 
(20%), barley (20%), pressed sugar beet (20%), fine wheat bran (15%), sugarcane molasses (3%), vegetable oil 
(1%), and salt (1%).
4PDIA = fraction of protein digested in the small intestine supplied only by RUP (INRA, 1989).
5PDIN = protein digested in the small intestine supplied by RUP and by microbial protein from rumen-
degraded dietary N (INRA, 1989).
6PDIE = protein digested in the small intestine supplied by RUP and by microbial protein from rumen-
fermented OM (INRA, 1989).
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CE, 3/09/99–Norme NF EN ISO 13903). Analyses of 
Met and Cys were performed after the initial oxida-
tion of samples with performic acid. Phenylalanine was 
analyzed without oxidation, whereas Trp was analyzed 
after hydrolysis in 4 M Ba(OH)2 at 110°C for 16 h (Af-
nor XPV 18-114). The concentrations of digestible AA 
in the small intestine (AADI), expressed in percent-
age of PDIE, were calculated using the measurements 
proposed by Rulquin et al. (1998, 2001).

Milk production was recorded at each milking, 
and samples were assayed by infrared analysis using 
a MilkoScan 605 instrument (Foss Electric, Hillerød, 
Denmark) to determine protein, fat, and lactose con-
tents at each milking. On the last day of each period, 
milk was sampled from the morning and evening milk-

ing to determine total N, NPN, and non-CN N accord-
ing to the Kjeldahl method. On the last day of each 
period, 2 blood samples were collected from the jugular 
vein of each cow in heparinized syringes (S-Monovette, 
7.5 mL; Sarstedt, Nümbrecht, Germany) at 0800 and 
0815 h (i.e., 30 and 45 min after milking, and 30 and 
15 min before feed distribution) and were immediately 
centrifuged (2,000 × g for 15 min at 4°C). Plasma was 
aliquoted and stored at −80°C for AA analyses and at 
−20°C for the analysis of urea, NEFA, BHBA, triacyl-
glycerol (TG), and glucose. Plasma AA and 3-methyl-
His concentrations were determined by using an ultra-
performance liquid chromatography-mass spectrometry 
system (Waters Acquity UltraPerformance LC system; 
Waters, Guyancourt, France).

Plasma samples for NEFA, TG, BHBA, urea, and 
glucose were assayed by colorimetric enzymatic reac-
tion with a multiparameter analyzer (Kone Instruments 
Corporation, Espoo, Finland). The enzymatic kits used 
for NEFA, TG, BHBA, and urea were a NEFA-C test kit 
(Wako Chemicals GmbH, Neuss, Germany), TG PAP 
1000 kit (bioMérieux, Craponne, France), 3-hydroxy-
butyrate dehydrogenase kit (Rabut-Randox, Mauguio, 
France), and urease and glutamate dehydrogenase kit 
(Urée UV Cinétique, Kone Diagnostics, Evry, France) 
respectively. Glucose was analyzed through 2 succes-
sive enzymatic reactions catalyzed by a hexokinase 
and glucose-6-phosphate dehydrogenase (Horiba ABX; 
ABX Pentra, Montpellier, France).

Calculations and Statistics

The N efficiency of conversion was calculated by us-
ing following equation:

 N efficiency 
N in milk

N in CP N infused
=

+
, 

Data were analyzed using the MIXED procedure of 
SAS (SAS Institute, 2004) according to the following 
statistical model:

Yijk = μ + Cowi + Periodj + AAk + εijk,

where Yijk is the response variable, μ is the grand mean, 
and ε is the random error; Cowi was taken as the random 
effect. Contrast statements were included to compare 
(1) CTRL versus −Arg, (2) CTRL versus −Ile, and (3) 
CTRL versus −Val. The Dunnett adjustment was used 
to correct for nonorthogonality (SAS Institute, 2004). 
The maximum number of available observations (i.e., 
n = 16) was used. The significance level was set to P 
≤ 0.05, and the tendency was set to 0.05 > P ≤ 0.10.

Table 3. Amino acid composition of feedstuffs by percentage of 18 AA 
and recalculated values in the AADI1 system 

Item Corn silage Concentrate 1 Concentrate 2

% of 18 AA
Ala 9.7 7.6 5.4
Arg 2.2 4.2 5.9
Asp 8.2 6.7 8.0
Cys 1.8 2.4 2.4
Glu 15.0 19.6 20.1
Gly 5.1 3.5 5.0
His 2.4 2.6 2.7
Ile 4.4 3.6 3.8
Leu 11.9 13.0 8.4
Lys 3.5 2.7 4.4
Met 1.8 1.9 1.8
Phe 4.9 5.0 4.8
Pro 8.8 8.7 8.2
Ser 5.1 4.9 4.8
Thr 4.4 3.8 4.1
Trp 0.66 0.71 1.42
Tyr 4.0 4.4 3.6
Val 6.2 4.7 5.3

AADI in % of PDIE2

AlaDI 7.0 6.9 6.5
ArgDI 4.4 4.6 4.9
AspDI 10.8 10.5 10.2
GluDI 13.3 14.1 15.2
GlyDI 6.1 5.8 6.0
HisDI 2.0 2.0 2.2
IleDI 5.4 5.3 5.1
LeuDI 8.8 9.1 8.5
LysDI 7.1 6.8 6.5
MetDI 2.0 2.0 1.9
PheDI 5.0 5.1 5.0
ProDI 4.6 4.7 5.3
SerDI 4.7 4.7 4.7
ThrDI 5.2 5.1 5.0
TyrDI 4.5 4.6 4.2
ValDI 5.9 5.7 5.7
1AADI = AA digestible in the small intestine [1 g of AADI is equal to 
1 g of PDIE; Rulquin et al. (1998, 2001) and INRA (2007)]. The AADI 
system does not account for Trp and Cys.
2PDIE = protein digested in the small intestine supplied by RUP and 
by microbial protein from rumen-fermented OM (INRA, 1989).
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RESULTS

DMI, Protein and Energy Supplies,  
and Estimated Intestinal AA Flow

No refusal of the offered diet was observed in any of 
the treatments, and because the DM offered was fixed, 
the DMI remained unaffected by the treatments. Con-
sequently, neither the protein (CP, PDIE, and PDIN) 
nor the energy (NEL) supplies were modified (Table 4). 
Treatments (diet and infusion) were isonitrogenous and 
the supply of 66.0 ± 1.2 g of PDIE/Mcal of NEL was 
similar to the target.

The estimated intestinal supplies of AA from the diet 
and infusions are reported in Table 5. The estimated 
values for the 3 test AA (Arg, Ile, and Val) were close 
to the target. The supply of the Arg treatment in the 
intestine (ArgDI) was 3.5% of PDIE in −Arg, compared 
with 5.2% of PDIE in the CTRL treatment; Ile was 4.1% 
of PDIE in −Ile, compared with 5.2% of PDIE in the 
CTRL treatment; and Val was 4.5% of PDIE in −Val, 
compared with 5.9% of PDIE in the CTRL treatment. 
Because the supply of Glu and Ser was slightly higher 
in the −Arg treatment, the predicted flow of certain 
infused EAA (such as Lys and Phe) was slightly lower 
than in the other treatments; however, it was within 
the range of variation (SD: 0.3% of PDIE) proposed by 
Rulquin et al. (1993). The estimated supply of Leu in 
the diet (9.0% of PDIE) was lower than the targeted 
one (9.4% of PDIE); hence, all treatments (diet and in-
fusions) were deficient in Leu (8.4% of PDIE, compared 
with 8.9% of PDIE as targeted). By contrast, the diet 
provided a higher concentration of Phe (5.1% of PDIE) 
and Tyr (5.2% of PDIE) as compared with the target 
(4.6% Phe and 4.0% Tyr; % of PDIE). Consequently, 
the supply of Phe + Tyr through the diet and infusions 

was higher (9.9% of PDIE) than the target (9.2% of 
PDIE).

Milk Production

Milk yield was not modified by any of the treatments 
(Table 6). The deletion of Arg (CTRL vs. −Arg) and 
Ile (CTRL vs. −Ile) from the infusion mixture had no 
effect on milk protein yield or content (P > 0.10). The 
deletion of Val from the infusion mixture decreased milk 
protein and CP contents by 4.9 and 4.3%, respectively 
(contrast CTRL vs. −Val: P = 0.05). The deletion of 
Val tended to decrease milk protein yield and the ef-
ficiency of N use by 3.5 and 3.7%, respectively (P = 
0.10). Neither fat yield and content nor lactose yield 
and content was modified by any of the treatments; 
however, the ratio of protein to fat content in milk 
tended to decrease in −Ile compared with the CTRL 
treatment by 3.8% (CTRL vs. Ile: P = 0.07).

Plasma AA and Metabolite Concentrations

The plasma concentration of Arg was not affected by 
its removal from the infusion mixture (Table 7; CTRL 
vs. −Arg: P > 0.10). The removal of Ile tended to de-
crease its plasma concentration by 34% (CTRL vs. −
Ile: P = 0.10). The removal of Val decreased its plasma 
concentration by 52% (CTRL vs. −Val: P < 0.01). 
Furthermore, removing Val from the infusion mixture 
(CTRL vs. −Val) tended to decrease the plasma con-
centrations of Met and His by 26 and 25%, respectively 
(P = 0.10). Adding Ser and Glu as replacements for the 
3 test EAA (Arg, Ile, and Val) in the infusion mixtures 
had no effect on their plasma concentration (P > 0.10). 
By removing Val from the infusion mixture, the plasma 

Table 4. Dry matter intake, protein, and energy supplies 

Item1

Treatment2

SEM

P-value3

CTRL −Arg −Ile −Val CTRL vs. −Arg CTRL vs. −Ile CTRL vs. −Val

Diet         
 DMI, kg/d 19.2 19.1 19.2 19.2 0.16 0.75 1.00 1.00
 NEL, Mcal/d 29.4 29.2 29.2 29.2 0.26 0.72 1.00 0.99
 CP, g/d 2,372 2,357 2,373 2,369 20.3 0.71 1.00 0.99
 PDIN, g/d 1,459 1,449 1,459 1,456 12.6 0.73 1.00 0.99
 PDIE, g/d 1,486 1,476 1,483 1,483 13.1 0.72 0.99 0.98
Diet + infusions         
 PDIE, g/d 1,888 1,953 1,933 1,935 31.5 0.19 0.43 0.40
 N supply, g/d 435 433 440 439 4.9 0.91 0.54 0.67
1PDIN = protein digested in the small intestine supplied by RUP and by microbial protein from rumen-degraded dietary N (INRA, 1989); PDIE 
= protein digested in the small intestine supplied by RUP and by microbial protein from rumen-fermented OM (INRA, 1989); N supply = N 
in CP + N infused.
2CTRL = Arg, Ile, and Val included in the AA mixture; −Arg = Arg removed from the AA mixture; −Ile = Ile removed from the AA mixture; 
−Val = Val removed from the AA mixture.
3Probability corresponds to the following comparisons: (1) CTRL vs. –Arg, (2) CTRL vs. –Ile, and (3) CTRL vs. −Val.
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concentration of the branched-chain AA (BCAA) 
decreased by 28% (P = 0.04), whereas the sums of 
EAA and of NEAA tended to decrease by 23% (P = 
0.10) and 17% (P = 0.08), respectively. The plasma 
concentration of 3-methyl-His was not modified by the 
treatments. The removal of Arg, Ile, or Val from the 
infusion mixtures had no effect on the concentration of 
measured plasma metabolites (Table 8).

DISCUSSION

Our objective in this experiment was to create large 
differences in the intestinal supply of Arg, Ile, and Val 
and to study the effect of their reduced supplies on lac-
tation performance. The differences between the CTRL 
and negative treatments were created by feeding a 
protein-deficient diet and compensating for the desired 

Table 5. Predicted intestinal flows of digestible AA from diet and diet plus infusions, and predicted concentrations of AA in PDIE1 

AADI2 Diet

Diet and infusions3

Diet

Diet and infusions3

CTRL −Arg −Ile −Val CTRL −Arg −Ile −Val

g/d % of PDIE
ArgDI 69 99 69 99 99  4.6 5.2 3.5 5.1 5.1
GluDI 209 345 446 387 396  14 18 23 20 20
HisDI 31 57 56 58 58  2.1 3.0 2.9 3.0 3.0
IleDI 80 99 99 80 101  5.4 5.2 5.0 4.1 5.2
LeuDI 133 159 158 162 162  9.0 8.4 8.1 8.4 8.4
LysDI 104 144 143 147 147  7.0 7.6 7.3 7.6 7.6
MetDI 30 47 47 48 48  2.0 2.5 2.4 2.5 2.5
PheDI 76 121 121 125 125  5.1 6.4 6.2 6.5 6.5
SerDI 71 104 104 109 109  4.8 5.5 5.3 5.7 5.6
ThrDI 78 79 78 79 79  5.2 4.2 4.0 4.1 4.1
ValDI 88 111 111 114 88  5.9 5.9 5.7 5.9 4.5
1PDIE = protein digested in the small intestine supplied by RUP and by microbial protein from rumen-fermented OM (INRA, 1989).
2AADI = AA digestible in the small intestine [1 g of AADI is equal to 1 g of PDIE; Rulquin et al. (1998, 2001) and INRA (2007)]. The AADI 
system does not account for Trp and Cys.
3CTRL = Arg, Ile, and Val included in the AA mixture; −Arg = Arg removed from the AA mixture; −Ile = Ile removed from the AA mixture; 
−Val = Val removed from the AA mixture.

Table 6. Milk yield and composition 

Item1

Treatment2

SEM

P-value3

CTRL −Arg −Ile −Val CTRL vs. −Arg CTRL vs. −Ile CTRL vs. −Val

Milk yield, kg/d 30.1 30.0 30.7 30.6 0.34 0.97 0.60 0.66

Protein
 Yield, g/d 923 917 926 891 21.8 0.73 0.99 0.10
 Content, % 3.07 3.04 3.03 2.92 0.069 0.94 0.79 0.05
CP, % 3.23 3.21 3.20 3.09 0.072 0.95 0.90 0.05
 TP, % of CP 95.0 94.7 94.7 94.5 0.22 0.98 0.21 0.24
 CN, % of TP 81.8 81.8 82.3 82.3 0.74 1.00 0.65 0.65
N efficiency 0.349 0.347 0.348 0.336 0.0090 0.90 0.98 0.10

Fat         
 Yield, g/d 1,112 1,117 1,160 1,104 49.0 1.00 0.29 0.98
 Content, % 3.69 3.71 3.79 3.61 0.153 1.00 0.55 0.72
Protein:fat 0.833 0.826 0.801 0.813 0.0344 0.86 0.07 0.38
         
Lactose
 Yield, g/d 1,500 1,476 1,465 1,486 16.8 0.39 0.16 0.73
 Content, % 4.98 4.90 4.75 4.85 0.097 0.88 0.26 0.64
1CP = total N × 6.39 in the INRA (2007) system; TP = true protein; N efficiency = N in milk/N in CP + N infused; protein:fat = protein 
content/fat content.
2CTRL = Arg, Ile, and Val included in the AA mixture; −Arg = Arg removed from the AA mixture; −Ile = Ile removed from the AA mixture; 
−Val = Val removed from the AA mixture.
3Probability corresponds to the following comparisons: (1) CTRL vs. –Arg, (2) CTRL vs. –Ile, and (3) CTRL vs. −Val.
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availability of AA via intestinal infusion (Table 5). The 
estimated intestinal supplies of Arg, Ile, and Val were 
(in % of PDIE) 5.2, 5.2, and 5.9%, respectively, whereas 
upon removal from the infusion mixtures, their supplies 
decreased by 33, 21, and 24% in the −Arg, −Ile, and −
Val treatments, respectively. Compared with the lowest 
recommended supply levels in the literature for these 
AA (Table 9; Fraser et al., 1991), the supply of Arg was 
13% higher, Ile was 10% lower, and Val was 18% lower 

in the −Arg, −Ile, and −Val treatments, respectively. 
On the other hand, the supplies of Arg, Ile, and Val in 
the CTRL treatment were close to the highest levels 
recommended in the literature (Doepel et al., 2004).

A Deficiency of Val Decreased Milk Protein Synthesis

We observed a decrease in milk protein content and 
a tendency toward decreasing milk protein yield when 

Table 7. Plasma AA concentrations 

AA1

Treatment,2 μmol/L

SEM

P-value3

CTRL −Arg −Ile −Val CTRL vs. −Arg CTRL vs. −Ile CTRL vs. −Val

Ala 285 307 280 229 20.5 0.78 1.00 0.23
Arg 70 53 76 51 9.2 0.37 0.92 0.31
Asn 53 58 49 41 5.1 0.84 0.84 0.24
Asp 19 20 18 16 2.2 0.92 0.98 0.47
Cit 89 90 92 72 10.5 1.00 0.97 0.26
Cys 2.5 2.4 2.3 2.0 0.49 0.99 0.97 0.62
Gln 305 347 268 248 17.0 0.24 0.33 0.11
Glu 40 47 40 42 3.9 0.45 1.00 0.98
Gln + Glu 345 394 308 290 20.0 0.26 0.47 0.20
Gly 400 380 354 329 23.3 0.84 0.37 0.14
His 81 83 77 61 5.4 0.98 0.89 0.10
Ile 68 77 45 60 6.4 0.65 0.10 0.71
Leu 95 106 95 91 7.1 0.47 1.00 0.91
Lys 73 75 89 56 9.1 1.00 0.54 0.47
Met 43 44 44 32 3.1 0.99 1.00 0.10
Orn 39 36 41 33 4.6 0.94 0.97 0.67
Phe 59 60 61 50 5.0 0.99 0.98 0.43
Pro 85 88 82 74 5.4 0.90 0.96 0.24
Ser 135 133 127 113 9.1 0.99 0.79 0.19
Thr 31 32 27 33 4.5 1.00 0.88 0.99
Trp 37 35 36 34 4.0 0.60 0.78 0.38
Tyr 39 38 39 34 4.1 1.00 1.00 0.68
Val 137 147 137 66 9.6 0.78 1.00 <0.01
BCAA 300 329 276 217 19.0 0.57 0.66 0.04
EAA 695 711 685 534 44.4 0.99 1.00 0.10
NEAA 1,403 1,457 1,301 1,160 64.0 0.88 0.57 0.08
3M-His 6.2 5.0 5.0 5.5 0.51 0.40 0.52 0.55
1BCAA (branched-chain AA) = sum of Ile, Val, and Leu; EAA (essential AA) = sum of Arg, Ile, Val, Leu, Lys, Met, His, Phe, Trp, and Thr; 
NEAA (nonessential AA) = sum of Glu, Ser, Ala, Asn, Asp, Cys, Gln, Gly, Orn, Pro, and Tyr; 3M-His = 3-methyl-His.
2CTRL = Arg, Ile, and Val included in the AA mixture; −Arg = Arg removed from the AA mixture; −Ile = Ile removed from the AA mixture; 
−Val = Val removed from the AA mixture.
3Probability corresponds to the following comparisons: (1) CTRL vs. –Arg, (2) CTRL vs. –Ile, and (3) CTRL vs. −Val.

Table 8. Plasma concentrations of urea and energy metabolites 

Item

Treatment1

SEM

P-value2

CTRL −Arg −Ile −Val CTRL vs. −Arg CTRL vs. −Ile CTRL vs. −Val

Urea, mM 2.62 2.95 3.15 3.26 0.390 0.62 0.31 0.20
Glucose, mM 3.90 3.89 3.81 4.08 0.094 1.00 0.73 0.23
NEFA, μM 107 106 143 154 23.6 1.00 0.41 0.23
BHBA, mM 0.59 0.68 0.66 0.72 0.081 0.59 0.72 0.36
TG,3 μM 78.6 74.7 83.1 79.9 9.32 0.81 0.75 0.99
1CTRL = Arg, Ile, and Val included in the AA mixture; −Arg = Arg removed from the AA mixture; −Ile = Ile removed from the AA mixture; 
−Val = Val removed from the AA mixture.
2Probability corresponds to the following comparisons: (1) CTRL vs. –Arg, (2) CTRL vs. –Ile, and (3) CTRL vs. −Val.
3TG = triacylglycerol.
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the supply of Val was decreased (from 5.9 to 4.5% of 
PDIE). The decrease in milk protein synthesis was ac-
companied not only by a decrease in plasma concentra-
tion of Val, but also by a trend toward decreases in 
Met, His, the sum of EAA, and the sum of NEAA, 
indicating a change in utilization of these EAA with 
a Val deficiency. The specific effects on milk protein 
synthesis observed in this experiment with Val are not 
in accordance with the literature (Schwab et al., 1976; 
Korhonen et al., 2002). Korhonen et al. (2002) reported 
an absence of response with the removal of Val from 
a mixture of His + BCAA [5.8% vs. 6.9% of PDIE, 
respectively; recalculated by using INRA (2007)] in a 
grass silage-based diet. Clearly, in the study by Korho-
nen et al. (2002), Val was not deficient when compared 
with the recommendations in the literature (Table 9). 
The experiment by Schwab et al. (1976), in which corn 
silage was fed ad libitum, increasing the supply of Val 
from 4.7 to 5.9% of PDIE [recalculated by using INRA 
(2007)], showed both an increase (+0.8 g/kg; similar 
to the 1.1 g/kg in this experiment) and no response in 
milk CP content. In the present experiment, 2 hypoth-
eses can partially explain the decrease in milk protein 
synthesis caused by the Val-deficient treatment.

Hypothesis 1: The Deficiency of Val in Conju-
gation with Leu Decreased Milk Protein Synthe-
sis. An unexpected result of this experiment was that 
all treatments were deficient in Leu (Table 5) because 
its intestinal supply was less (8.4% of PDIE) than ex-
pected (8.9% of PDIE). The estimated intestinal supply 
of Leu (8.4% of PDIE; Table 5) was closer to the lowest 
recommended levels proposed by Fraser et al. (1991), 
which is well below the recommendations of other re-
ports (Rohr and Lebzien, 1991; Doepel et al., 2004; 
Rulquin and Pisulewski, 2006). To further analyze this, 
6 experiments from the literature specifically designed 
to examine the effect of postruminal supplementation 
of Leu on milk protein synthesis were regrouped. The 
basal diets used in these experiments were principally 

composed of either corn silage (Kröber et al., 2001; 
Rulquin and Pisulewski, 2006; K ížová et al., 2008) or 
grass silage (Huhtanen et al., 2002; Korhonen et al., 
2002; Richter et al., 2010). When the results (Figure 1) 
were analyzed, only the lowest threshold level of Leu 
supply for milk protein content could be proposed (i.e., 
8.9 to 9.0% of PDIE), which is closer to the recom-
mendations of Rulquin and Pisulewski (2006). Hence, 
the possibility that milk protein synthesis was affected 

Table 9. Comparison of the literature recommended ideal concentrations of the branched-chain AA and Arg for dairy cows 

AA

Recommendations for dairy cows Profile in milk

Fraser et al.  
(1991)

Rohr and Lebzien  
(1991)

Doepel et al.  
(2004)

Rulquin et al.  
(2007)1

Swaisgood  
(1995)

% of PDIE2 % of TP3

Leu 8.0 9.0 9.4 8.9  9.1
Ile 4.5 5.2 5.3 4.5  5.5
Val 5.3 5.9 6.1 5.3  6.1
Arg 3.1 4.6 4.8 3.1  3.2
1Recommendations for Arg, Ile, and Val from Fraser et al. (1991).
2PDIE = protein digested in the small intestine supplied by RUP and by microbial protein from rumen-fermented OM (INRA, 1989).
3TP = true protein.

Figure 1. Milk protein content in response to Leu supply in the 
literature. Data points from the same experiment were connected with 
dotted lines. The solid line is the regression line made by using the 
quadratic model. Symbols correspond to data from the following stud-
ies: (solid and open circles) Huhtanen et al. (2002); (solid squares) 
Korhonen et al. (2002); (upward-pointing open triangles) Rulquin and 
Pisulewski (2006); (solid stars) Richter et al. (2010); (downward-point-
ing solid and open triangles) Kröber et al. (2001); (open diamonds) 
K ížová et al. (2008). The resultant equation for the quadratic model 
was Yij = 1.4 (±0.38) + 0.34 (±0.074) × Xi + 0.015 (±0.0037) × Xi

2 
(adjusted R2 = 0.95, and residual SD = 0.030). LeuDI = Leu digested 
in the small intestine; PDIE = protein digested in the small intestine 
supplied by RUP and by microbial protein from rumen-fermented OM 
(INRA, 1989).
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because of a cumulative deficiency of Leu and Val could 
not be excluded in this experiment.

Hypothesis 2: Interactions and Antagonisms 
Among the BCAA Decreased Milk Protein 
Synthesis. The negative effect on milk protein yield 
observed in the −Val treatment could possibly be a 
result of an imbalance between Val, Leu, and Ile sup-
plies because this treatment can be translated as a 
low-Val, low-Leu, and high-Ile supply. The presence of 
antagonisms and interactions among BCAA has been 
known for many years. In laying hens, a supply of a 
similar combination of these 3 BCAA (+Ile, −Leu, 
and −Val) has been shown to reduce their overall pro-
duction performance, characterized by decreased feed 
intake, egg production, egg weight, and daily egg mass 
(Peganova and Eder, 2003). In the current experiment, 
we observed no effect on DMI because the quantity of 
DM offered was fixed and the duration of treatments 
was not long enough to observe changes in intake. A 
higher Leu supply (in studies based on rats, chicks, and 
bacteria) is related to the depletion of Ile and Val pools, 
which causes an increase in the requirements of these 2 
AA (see the review by Harper et al., 1984). Similarly, a 
study on lactating porcine mammary tissue has shown 
that Leu inhibits Val uptake (Jackson et al., 2000). 
In dairy cows, the BCAA are categorized among the 
group 2 AA (Lys + BCAA) because they are princi-
pally catabolized in mammary glands, compared with 
group 1 AA (Met, His, Phe, Trp, and Tyr), which are 
catabolized in the liver (Mepham, 1982). Consequently, 
an excess or deficiency of one BCAA may interfere with 
the mammary use of the other 2 BCAA. The presence 
of this antagonism may explain why no studies designed 
to examine the effect of supplying BCAA on milk pro-
tein in dairy cows (Mackle et al., 1999; Weekes et al., 
2006; Appuhamy et al., 2011) have reported an effect, 
because increasing or decreasing the supply of BCAA 
altogether did not modify the ratio among them.

Responses to the Deficiency of Ile

We observed no response to decreasing the supply of 
Ile (4.1 vs. 5.2% of PDIE) on milk yield, milk protein 
yield, or milk protein content, which is in agreement 
with the results of Korhonen et al. (2002), in which 
Ile concentration varied from 5.2 to 6.1% of PDIE [re-
calculated using INRA (2007)]. The small increase in 
milk protein content observed by Schwab et al. (1976), 
achieved by supplying Ile [4.9% vs. 6.1% of PDIE, re-
calculated using INRA (2007)] along with Met, Lys, 
and Val, was not observed in this experiment. Similarly, 
the decrease in lactose yield observed by Robinson et 
al. (1999), achieved by decreasing the Ile supply (5.2% 
vs. 6.4% of PDIE, recalculated using INRA (2007)], 

was also not observed in the current experiment. How-
ever, we did observe a trend toward decreasing milk 
protein-to-fat content ratios, which is often described 
as an indicator of AA imbalance (Cant et al., 2003; 
Weekes et al., 2006). This change in the protein-to-fat 
content ratio was more closely related to changes in fat 
than to changes in protein content (Table 6). Previous 
studies to test the Ile deficiency in dairy cows have re-
ported that Ile has no effect on milk fat yield or content 
(Schwab et al., 1976; Robinson et al., 1999; Korhonen 
et al., 2002). In terms of BCAA, Hopkins et al. (1994) 
reported that an increase in the supply of BCAA + Arg 
could decrease milk fat depression when cows were fed 
low-fiber diets. However, other studies have reported 
that supplying BCAA had no effect on milk fat yield 
and content (Mackle et al., 1999; Weekes et al., 2006; 
Appuhamy et al., 2011). Nevertheless, deficiencies of 
Lys and His have been shown to increase milk fat yield 
(Weekes et al., 2006). Again, both assumptions previ-
ously used to explain the negative effect on milk protein 
in −Val treatments apply equally here: The decrease in 
milk protein-to-fat content ratio was a result either of 
the deficiency of both Ile and Leu or of antagonism 
among the 3 BCAA. It can be concluded that at least 
the AA profile in the −Ile treatment was not an ideal 
profile because an incomplete correction of the EAA 
profile leads to a decreased milk protein-to-fat ratio 
(Cant et al., 2003).

No Response by Decreasing the Supply of Arg

We observed no response on milk yield and its com-
position by decreasing the supply of Arg, which is in 
accordance with earlier reports (Schwab et al., 1976; 
Vicini et al., 1988; Doepel and Lapierre, 2011). It can 
be concluded that under the current experimental situ-
ation, a supply of 3.5% of PDIE, which is close to the 
3.1% of PDIE proposed by Fraser et al. (1991), can 
serve as an optimal level, as opposed to the higher level 
(4.8% of PDIE) proposed by Doepel et al. (2004).

CONCLUSIONS

The objective of this experiment was to advance our 
knowledge to construct an ideal AA profile for dairy 
cows. In the case of Arg, an intestinal supply of 3.5% 
of PDIE seems sufficient because, at higher levels, we 
observed no response on milk protein synthesis. The 
experiment confirmed that a lower level of Val (4.5% 
of PDIE) supply had a negative effect on milk protein 
yield. The experiment also indicated that a lower level 
of Ile (4.1% of PDIE) did not correspond to an ideal 
profile because of the trend toward a decreased milk 
protein-to-fat ratio. Dose-response experiments are re-
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quired to evaluate the optimal supply levels of these 2 
AA. The specific effects of these 2 AA (Ile and Val) in 
this experiment could also be related to the low supply 
of Leu (8.4% of PDIE), which affected both lactation 
performance and the presence of possible antagonism 
among these 3 BCAA. We propose that future systems 
for AA feeding in dairy cows consider the antagonism 
among BCAA when establishing their requirements.
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