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ABSTRACT: A trial was conducted to examine 
the potential of using plasma amino acid 
responses to graded levels of escape protein to 
determine limiting amino acids in cattle. Growing 
calves (n = 120; i BW = 220 f 21 kg) were fed a 
basal diet of corncobsorghum silage (61:39) and 
were individually supplemented with distillers’ 
dried grains (DDG), heat-damaged DDG (H-DDG), 
feather meal (FTH), or urea. The urea supplement 
was mixed with DDG and H-DDG to allow 0,20, 35, 
50, 65, or 80% of the supplemental CP to come 
from distillers’ protein and maintain an 11.5% CP 
diet. Urea supplement was mixed with FTH to 
allow 0, 22, 39, 56, 73, or 90% of the supplemental 
CP to come from FTH. Dietary CP ranged from 

11.5% at the 0% level to 17.3% at the 90% level. 
Plasma concentration of most essential plasma 
amino acids responded (P < . lo) linearly and(or1 
quadratically to increased escape protein. The 
brokenline response of plasma methionine at  low 
DDG intake suggested that methionine was limit- 
ing a t  low levels of escape protein. An initial 
decrease followed by a plateau fit by a broken line 
indicated that histidine became limiting in FTH 
diets, and lysine eventually became limiting for 
DDG, H-DDG, and FTH diets before maximum BW 
gain was reached. Results indicate that plasma 
amino acid responses may identify amino acids 
that become limiting with increasing escape pro- 
tein. 
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Introduction 

The plasma amino acid broken-line technique 
can be used to identify limiting amino acids of 
ruminants if ruminal degradation of the supple- 
mented amino acids is avoided (Fenderson and 
Bergen, 1975; Titgemeyer et al., 1986). However, the 
need to confine animals in metabolism stalls to 
enable abomasal infusion of amino acids typically 
results in few observations in an environment that 
is quite different from most practical situations. As 
such, it is difficult to correlate plasma responses 
with growth responses. 

Broderick et al. (19741 demonstrated that lysine, 
methionine, and valine displayed the broken-line 
pattern in blood drawn from the mammary vein of 
dairy cows fed graded levels of ruminally pro- 
tected casein. The inflection point corresponded 
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with maximum milk production. It is possible that 
such a pattern would be present for calves fed 
graded levels of escape protein after maximum 
gain was reached. If such a pattern were present, 
it might be possible to determine limiting amino 
acids as well as requirements in a production 
environment using this technique. 

The following trial was conducted to determine 
whether the plasma amino acid broken-line tech- 
nique could be used with calves fed graded levels 
of escape protein to determine limiting amino 
acids in a production situation. 

Materials and Methods 

In a 56-d growth trial, 120 Angus calves E BW 
220 k 21 kg) were individually fed a diet contain- 
ing forage from sorghum silage-corncob (39:6 1 
ratio) and one of fo& supplements making up 
25.8% of the diet DM (Table 11. Diets were 
formulated to meet NRC (1984) requirements for ‘Published with the approval of the Director as paper no. 
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Table 1. Diet formulationa 

Distillers’ Feather 
Ingredient Urea grain& meald 

Sorghum silage 29.18 29.18 28.18 
Corncobs 45.00 45.00 45.00 
Molasses 6.30 .50 2.88 
Starch 14.71 - 6.71 
Urea 2.44 .48 .48 
Salt .30 .30 .30 
Dicalcium phosphate .09 .67 
Limestone 1.9 .45 .BO 

Trace mineralsf .05 .05 .05 

- 

Vitaminse .01 .o 1 .o 1 

Seleniumg .02 .02 .02 
Distillers’ grains - 23.34 - 
Feather meal - - 14.77 

*Expressed as percentage of DM. 
bTotal diet contained 11.5% CP; the supplement contained 

CSame formulation for heat-damaged distillers’ grains. 
Mixed with urea supplement (25, 44, 63, 81, 100% distillers’ 
grains supplement) to allow 0, 20, 35, 50, 65, or 80% of supple- 
mental CP to come from distillers’ grains. 

dSupplement contained 54.2% CP. Mixed with the urea s u p  
plement (25, 44, 63, 81, 100% feather meal supplement) to allow 
22, 39, 56, 73, or 90% of supplemental CP to come from feather 
meal. Dietary CP ranged from 11.5% at 0% level to 17.3% at the 
90% level. 

e15,000 IU of vitamin A, 3,000 IU of vitamin D, and 3.75 IU of 
vitamin E per gram of premix. 

f l O %  Mg, 6% Zn, 4.5% Fe, 2% Mn, .5% Cu, .3% I, .050/0 Co. 
g15,OOO IU of vitamin A, 3,000 IU of vitamin D, and 3.75 IU of 

29.1% CP. 

vitamin E per gram of premix. 

that had been heat-damaged (24% ADIN) from a 
malfunctioning dryer (H-DDG; n = 301, or feather 
meal (FTH; n = 30) were fed at graded levels to 
obtain growth and plasma amino acid response 
curves for the different proteins fed. The FTH 
supplement was 54.2% CP, compared with 29.1% 
CP for DDG and H-DDG supplements (DM basis). 
Feather meal protein was fed at higher levels to 
determine whether increased metabolizable pro- 
tein is beneficial in obtaining a plasma amino acid 
broken-line response. Supplements with distillers’ 
grains were mixed with the urea supplement as 
needed to allow 20, 35, 50, 65, or 80% of the 
supplemental CP to be supplied by the test 
proteins while maintaining an  11.5% CP diet. 
Feather meal supplement was mixed with urea 
supplement to allow 22, 39, 56, 73, or 90% of the 
supplemental CP to come from FTH. Total dietary 
CP increased from 11.5% when no FTH was 
included to 17.3% at the highest level of FTH 
inclusion. 

A urea supplement was also fed to 30 calves to 
be used as the zero level of each test protein. 
Starch and molasses were used as carriers in the 
supplements to avoid feeding any escape protein 
other than the test proteins and that in the basal 
diet. 

Calves were fed once daily. All calves received 
the same amount as a percentage of BW. This 

amount was adjusted as needed to minimize orts 
while maintaining intake near ad libitum. Average 
intake was 2.25% of BW. All calves were im- 
planted with estradiol (Compudose, Elanco, Indi- 
anapolis, IN) before the trial. Initial and final 
weights were the average of three consecutive 
daily weights. Calves were approximately 12 mo of 
age and had been restricted in energy intake to 
gain .2 kg/d for 3 mo before the experiment began. 

Blood was drawn by jugular venipuncture from 
all calves before the morning feeding on d 28, 42, 
and 56. Blood was placed on ice until it was 
centrifuged at 5,000 x g for 15 min. Three milliliters 
of plasma from each calf was deproteinized with 
90 mg of sulfosalicylic acid for plasma amino acid 
analysis. One milliliter of plasma was 
deproteinized with .125 mL of a 25.6% trichloroace- 
tic acid solution for tryptophan analysis. Plasma 
samples from each calf were composited and 
analyzed for amino acid content. Plasma was 
analyzed for tryptophan fluorimetrically as out- 
lined by Lewis et al. (1976). The remainder of the 
amino acids were analyzed using ionexchange 
chromatography using HPLC equipment Water ,  
Milford, MA). The same amino acid analysis was 
used for protein supplements after hydrolysis in 6 
N HC1. Protein degradability was determined 
according to procedures described by Goedeken et 
al. (1990). 

The slope-ratio technique (Klopfenstein et al., 
1985) was used to analyze efficiency of protein 
utilization, and slopes were calculated as units of 
gain obtained above the urea-supplemented calves 
for each unit of test protein consumed. Slopes 
(protein efficiencies) were compared for statistical 
differences using a two-tailed t-test (Steel and 
Torrie, 1980). The GLM procedure of SAS (19821 
was used to detect linear or quadratic responses of 
plasma amino acids to increasing levels of protein 
intake. The quadratic term was removed from the 
model for those amino acids with a nonsignificant 
(P > . lo) quadratic response. Least significant 
differences (SAS, 1982) were used to separate 
mean concentrations of amino acids at  each level 
of protein supplementation. Individual plasma 
amino acid concentrations were plotted against 
protein intake for each test protein. The NLINs 
procedure of SAS (1982) was used to find the 
breakpoint in plasma concentration of essential 
amino acids with no initial response to protein 
intake followed by a positive slope. Such a 
response is characteristic of a limiting amino acid. 
Essential amino acids with an  initial negative 
response followed by a plateau were also analyzed 
for a breakpoint. Such a pattern may identify 
amino acids that become limiting. 

The supply of metabolizable amino acids was 
estimated a t  plasma breakpoints. Microbial contri- 
bution was estimated using the Burroughs equa  
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tion (Burroughs et al., 1974) with an  amino acid 
profile as determined by Goedeken et al. (1990). 
Metabolizable amino acids from dietary ingredi- 
ents were estimated based on amino acid profiles, 
escape values, and N digestibilities. Calculations 
of amino acids supplied were based on a daily 
DMI of 2.25% of BW for calves weighing 240 kg 
(average midtrial BW). 

Results 

Distillers' dried grains were utilized more effi- 
ciently (P e .01) than H-DDG or FTH (Figure 1). 
Maximum gain was reached a t  .91 kg/d, or .53 kg/ 
d above that of the urea-supplemented calves. 
Experimental average daily gain was .8 kg/d. 

There was a linear increase P < .0011 in plasma 
concentrations of methionine with increased in- 
take of DDG (Table 2). Despite the lack of 
quadratic response (P > .65), convergence on a 
breakpoint was obtained (Figure 21 at .08 k .04 kg 
of DDG Protein. Plasma methionine response to 
supplemental DDG is characteristic of a limiting 
amino acid. This breakpoint should indicate the 
quantity of DDG supplied at  the point at which 
methionine is no longer limiting. The quantity of 
metabolizable methionine supplied from .08 kg of 
DDG is only .3 g/d, indicating that methionine was 
only marginally limiting. The inflection point does 
not necessarily represent the requirement. As gain 
increases due to overall response to escape pro- 
tein, the methionine requirement also increases. 

Maximal response (.53 kg/d) 

Gain, urea controls 

~ __ ~ 

= .38 kgld 

Slope 

1.52 a DDG ~- 

FTH .99 
b 

H-DDG .96 

U 
.I .2 .3 .4 .5 .6 

Protein intake above urea controls, kg/d 

Figure 1. Nonlinear regression of daily intake of test 
protein against daily gain above urea controls. Resulting 
values (slopes) are the protein efficiencies. Standard 
errors of the slopes are .104, .072, and .095 for 
distillers' dried grains (DDG) , heat-damaged distillers' 
dried grains (H-DDG), and feather meal (FTH), respec- 
tively. Values with different superscripts differ (P < 
.001). 

Distillers dried grains 
-7 

30 
f b  
225 4 1 

c I 

l5 1 t.y*.m j 
10 

0 .i .2 .3 .4 
Daily intake of test protein, kg 

Figure 2. Nonlinear regression of daily intake of 
distillers' dried grains protein against plasma methio- 
nine concentration. The 0 represents an animal observa- 
tion, and the arrow identifies the breakpoint. 

There was a linear (P > .001) and quadratic (P < 
.17) decrease in plasma concentration of lysine 
with an increase in supply of DDG. A negative 
response to supplementation may indicate that 
increased protein synthesis resulting from supple- 
mentation utilized more lysine than was supplied. 
There was a breakpoint in plasma lysine (Figure 3) 
at .27 & .04 kg/d of DDG protein intake, which 
may indicate that it became limiting at this level of 
supplementation. Although many trials have 
demonstrated sulfur amino acids to be limiting for 
ruminants in diets with low escape protein (Nim- 
rick et al., 1970; Williams and Smith, 1974; 
Richardson and Hatfield, 1978; Papas et al., 1984; 
Titgemeyer and Merchen, 19901, lysine is often 
found limiting in diets high in corn protein (Burris 
et al., 1976; Hill et al., 1980; Titgemeyer et al., 1988). 
The DDG used in this trial were from corn. 
Although the breakpoints do not coincide between 
methionine (.08 kg of DDG) and lysine (.27 kg 
DDG), the plasma responses may demonstrate 
patterns of a first-limiting (methionine with low 
escape protein) and a subsequently limiting amino 
acid Uysine with increased corn protein). 

A breakpoint in plasma concentration of isoleu- 
cine was found for DDG a t  .07 k . lo.  However, the 
large standard error indicates that this value was 
not different from zero. Relative to beef tissue, 
isoleucine is supplied in excess by microbial 
protein (0rskov, 19821. Protein synthesis resulting 
from supplementation with escape protein likely 
increased utilization of isoleucine and thus 
decreased excess plasma isoleucine supplied by 
microbial protein. 

Plasma concentration of lysine decreased line- 
arly (P < .0001) with increasing H-DDG (Table 31. 
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7.29-C.04 

Table 2. Plasma amino acid response to supplemental distillers' dried grainsa 
~~ ~ ~ ~~~ 

% of Supplemental CP Coefficientb 
Amino 
aci -, 0 20 35 50 85 80 SEMC Linear Quadratic 

- - Arg 98.0 f 1.7 91.9 98.8 98.8 88.5 94.8 3 .8 
CYS 

Leu 100.8 f 2.3 116.0 157.3 161.8 174.3 183.2 5.2 408.7 -489.0 
LYS 
Met 20.3 f .5 19.2 21.7 22.7 25.1 23.5 1.8 13.5 
TSAAd 
Phe 44.0 f .6 48.3 59.5 58.3 64.8 85.2 1.8 70.7 
Thr 45.1 f 2.0 41.9 48.7 41.1 42.0 40.8 4.5 
Trp 
Val 203.4 It 3.4 186.1 228.0 195.4 204.2 203.8 7.7 
TEAAe 788.4 * 11.2 748.8 823.3 820.2 

10.8 f .5 12.1 14.4 13.5 14.7 12.8 1.1 10.4 -77.9 
- - His 63.5 f 1.3 58.8 84.8 64.8 63.6 88.3 3.0 

Ile 87.5 f 1.4 79.1 88.1 79.2 82.3 

99.7 * 2.4 81.4 77.2 33.5 51.8 

31.1 f .8 31.3 38.1 38.2 39.8 

81.2 3.2 -17.2 - 

54.2 5.5 -146.2 - 

38.1 1 .Q 23.9 - 
- 

- 
- - 

20.8 1.8 10.5 - 

831.8 843.3 25.4 184.8 - 
1,429.5 1,411.0 1,329.4 74.0 -447.2 - 

17.4 f .7 15.8 18.4 18.5 20.3 
- - 

TNEAAf 1,532.1 f 32.8 1,389.7 1,580.8 

&Least squares mean concentrations (micromolar). 
bOnly coefficients with P c .lo reported. Values represent change in concentration/kilogram of test protein consumed (linear) or 

CSEM for 20, 35, 50, 65, and 80% levels based on n = 8 at each level (n = 30 for 0 level). 
dTotal sulfur amino acids (Cys + Met). 
eTotal essential amino acids; includes amino acids listed. 
fTotal nonessential amino acids = Ala, Asn, Asp, Gln, Glu, Gly, Ser, and Tyr. 

(concentration/kiloga& (quadratic). 

Convergence on a breakpoint (Figure 4) was 
established at .29 f .04 kg/d of H-DDG protein 
intake despite the low probability for a quadratic 
response (P > ,351. 

There was a linear decrease (P < .005) as  well as  
a quadratic response (P < .05) in plasma concen- 
tration of isoleucine with increased H-DDG protein 
intake. A breakpoint was established in plasma 
isoleucine at low levels of H-DDG supplementation 
(.08 & . l o  kg/d). As explained for the isoleucine 
response to DDG, this may not indicate that 
isoleucine became limiting. 

Distillers dried grains 

120 I 4 O  ' 
5100 
J 

E 
S 60 
n 

40 

3 
m 8o 
UI 

1 0 

.27f.04 20 I I I 

0 .1 .2 .3 .4 
Daily intake of test protein, kg 

Figure 3. Nonlinear regression of daily intake of 
distillers' dried grains protein against plasma lysine 
concentration. The 0 represents an animal observation, 
and the arrow identifies the breakpoint. 

There was a negative linear (P < .0001) and 
quadratic (P < .0001; Table 41 response of plasma 
concentration of histidine to increasing FTH pro- 
tein. Breakpoint analysis (Figure 51 indicated that 
histidine became limiting at .15 f .03 kg/d of FTH 
protein supplementation. Chalupa et al. (1 973) 
infused several combinations of amino acids 
abomasally in steers receiving a 60% concentrate 
diet and found that histidine was required, along 
with lysine and threonine, to obtain maximum N 
retention. Storm and 0rskov (1984) suggested that 
histidine may be one of the first-limiting amino 

Heat damaged distillers dried grains 

120 

Figure 4. Nonlinear regression of daily intake of heat- 
damaged distillers' dried grains protein against plasma 
lysine concentration. The 0 represents an animal 
observation, and the arrow identifies the breakpoint. 
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Table 3. Plasma amino acid response to supplemental heat-damaged distillers’ dried grainsa 

% of Supplemental CP Coe fficientb Amino 
acid 0 20 35 50 65 80 SEMC Linear Quadratic 

- - fig 95.0 f 1.9 88.6 96.2 98.1 86.4 87.1 4.2 

His 63.9 f 1.2 60.1 67.1 63.2 62.4 59.1 2.6 
Ile 86.7 f 1.3 60.4 79.3 83.7 79.9 81.2 2.9 -73.5 183.92 
Leu 100.2 f 2.6 117.4 136.3 163.6 174.4 180.5 5.7 260.8 - 
LYS 98.5 f 2.3 83.6 75.3 72.1 58.1 51.1 5.1 -142.8 - 
Met 20.1 f .5 19.3 20.3 23.1 24.8 22.9 1.1 11.2 - 
TSAAd 30.8 f .9 32.5 32.3 37.6 39.6 36.8 1.9 23.6 - 
Phe 43.5 f .8 49.5 50.0 59.0 64.0 63.8 1.8 64.9 - 
Thr 44.6 f 20.1 44.4 39.4 45.1 35.2 36.0 4.7 -29.2 - 
Trp 17.1 f .9 17.3 18.7 18.9 20.4 17.9 1 .e 
Val 202.5 f 3.2 191.1 189.4 207.2 209.2 202.6 7.1 -95.8 355.4 
T E U e  782.6 f 12.9 764.9 784.1 648.7 829.7 815.9 28.5 153.1 - 

CYS 10.7 f .5 13.2 12.0 14.5 14.8 13.8 1 .o 12.16 - 
- - 

- - 

TNEUf  1,519.5 f 32.7 1,422.8 1,440.5 1,469.8 1,451.6 1,266.2 72.0 -558.7 - 

*Least squares mean concentrations [micromolar). 

‘SEM for 20, 35, 50, 65, and 80% levels based on n = 6 at each level (n = 30 for 0 level). 
dTotal sulfur amino acids (Cys + Metl. 
eTotal essential amino acids; includes amino acids listed. 
fTotal nonessential amino acids = Ala, Asn, Asp, Gln, Glu, Gly, Ser, and Tyr. 

coefficients with P < .lo reported. Values represent change in concentration/kilogram of test protein consumed (linear) or 
(concentration/kilograd (quadratic). 

acids of microbial protein. Based on the amino 
acid profile of beef tissue, Owens (1986) suggested 
that microbial protein may be limiting in histidine, 
leucine, lysine, and sulfur amino acids. 0rskov 
(1982) pointed out that microbial protein is low in 
histidine compared with beef tissue. The response 
curve obtained does not suggest that histidine is 
limiting in the control diet, but it does suggest that 
histidine rapidly becomes limiting with increased 

protein synthesis, Even with the high escape 
value, FTH is a very poor source of metabolizable 
histidine (Table 5). This may explain why histidine 
seems to be limiting for FTH but not for the 
distillers’ grains. 

Plasma concentrations of lysine decreased line- 
arly (P < .0001) and quadratically (P  < .02) with 
increasing intake of FTH protein. Plasma concen- 
trations stabilized at  .33 & .05 kg of FTH protein 

Table 4. Plasma amino acid response to supplemental feather meala 

O/O of Supplemental CP Coefficientb 
Amino 
acid 0 22 39 56 73 90 SEMC Linear Quadratic 

Arg 
CYS 
His 
Ile 
Leu 
LYS 
Met 
TSAAd 
Phe 
Thr 
Trp 
Val 
TEAAe 
TNEAA~ 

95.8 f 2.0 
10.7 f .4 
63.6 f 1.1 
87.1 f 2.1 
100.2 f 2.5 
98.9 f 2.4 
20.1 f .5 
30.8 f .2 
43.8 * 1.0 
44.7 f 2.6 
17.1 f .6 

202.5 f 6.7 
784.5 f 15.7 

1.521.9 f 38.8 

103.8 
11.4 
39.9 
107.0 
133.6 
77.8 
18.2 
29.6 
48.5 
50.3 
19.9 

297.6 
894.5 

1.564.9 

101.3 
11.4 
36.0 
112.6 
167.0 
64.2 
17.1 
28.5 
54.3 
61.4 
18.2 

353.9 
892.9 

1.392.7 

116.0 
13.5 
31.6 
138.0 
190.8 
55.3 
16.3 
29.8 
59.2 
60.5 
20.1 
467.3 

1,144.8 
1.49 1.2 

122.4 
16.4 
34.4 
157.0 
203.1 
58.3 
16.3 
32.7 
69.4 
80.8 
19.2 
549.6 

1,323.6 
1.260.8 

115.1 
14.4 
24.1 
162.7 
5.7 
42.7 
14.6 
29.1 
69.9 
70.4 
17.2 
597.3 

1,33 1.3 
1.413.2 

4.5 
1 .o 
2.6 
4.0 
5.7 
5.4 
1 .o 
1.7 
2.3 
5.9 
1.8 
15.3 
35.8 
88.1 

45.2 
8.4 

-148.0 
140.4 
- 

-173.6 
-0.7 

48.2 
56.5 

724.7 
1,022.53 
-340.1 

- 

- 

*Least squares mean concentrations Onicromolarl. 
bOnly coefficients with P < .lo reported. Values represent change in concentration/kilogram of test protein consumed (linear) or 

%EM for 22, 39, 56, 73, and 90% levels based on n = 6 at  each level (n = 30 for 0 levell. 
dTotal sulfur amino acids Cys + Met). 
eTotal essential amino acids; includes amino acids listed. 
fTotal nonessential amino acids = Ala, Asn, Asp, Gln, Glu. Gly, Ser, and Tyr. 

(concentration/kilogra& (quadratic). 
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Table 5. Metabolizable amino acids supplied by base 
diet and highest level of protein supplement (g/dIa 

~ ~ ~ ~~ ~ ____ ~ ~~~ _ _ _ _ _ ~  

Amino Base Distillers' Heat-damaged Feather 
acid dietb grains distillers' grains meal 

His 5.5 4.5 3.5 2.5 (1.4)' 
LYS 28.7 4.8 3.3 8.7 (3.9) 
Met 10.6 3.8 2.8 2.1 (1.2) 

*Calculated from amino acid content, protein escape values, 
and N digestibility (Table 6).  Assumed as DMI of 5.4 kg/d. 

bCalculated from amino acid content of sorghum silage and 
corncobs (Table 6) plus estimated available microbial protein 
based on the Burroughs equation Burroughs et al., 1974) with 
an amino acid content as determined by Goedeken et al. (1990). 

CValues in parentheses are quantities supplied by an equal 
quantity of feather meal protein as distillers' grains protein. 

(Figure 6). This may be the point at  which the 
histidine requirement is met and lysine becomes 
limiting. The lack of a n  increase in plasma 
histidine at this level may be due to the low levels 
supplied by FTH. Accumulation in the plasma is 
likely to be very moderate because body protein 
synthesis would continue to utilize the majority of 
the histidine supplied. 

Discussion 

It seems that for all three proteins, lysine may 
have been limiting immediately prior to the point 
of maximum gain. The tendency of responses to be 
quadratic with supplementation (P  < 37, P c .17, 
and P e .02 for H-DDG, DDG, and FTH, respective- 
ly), along with the fact that distillers' grains (from 

Feather meal 

80 I 

i 

2o 

10 
, t . m . 0 3  ____________-_______ 

0 .1 .2 .3 .4 .5 .6 .7 
Daily intake of test protein, kg 

Figure 5. Nonlinear regression of daily intake of 
feather meal protein against plasma histidine concentra- 
tion. The 0 represents an animal observation, and the 
arrow identifies the breakpoint. 

corn1 and FTH are poor sources of lysine, supports 
this theory. 

An increase in plasma lysine at  maximum gain 
may not have been detected due to few observa- 
tions beyond this point. Maximum gain was not 
achieved until .35 kg/d of DDG protein was fed. 
The maximum quantity of DDG and H-DDG fed 
was .38 kg/d. Maximum gain would not have been 
reached until .55 kg/d of H-DDG protein was fed. 
Maximum gain for calves fed FTH was reached at  
.54 kg/d of FTH protein. Maximum quantity of 
FTH fed was .59 kg/d. 

Based on the supply of lysine at  maximum gain, 
it is possible to estimate the lysine requirement. 
Based on the amino acid content, escape value, 
and N digestibilities (Table 61, it can be estimated 
that DDG, H-DDG, and FTH supplied 4.0, 4.4, and 
6.7 g of metabolizable lysine, respectively, when 
maximum gain was reached. When lysine from the 
basal diet and microbial protein is added to the 
calculation, this is 33.3, 32.3, or 35.4 g/d. The fact 
that similar quantities of lysine were supplied at  
maximum gain for all three proteins supports the 
theory that it was limiting. Actual available lysine 
supplied by the FTH diet at  the point of maximum 
gain may be lower than this because N digestibil- 
ity used in the calculation may overestimate lysine 
digestibility in FTH (Knabe et al., 1989). Based on 
the supply of amino acids a t  maximum gain for 
several diets, Klopfenstein et al. (1991) estimated a 
lysine requirement of 33.9 g/d for 283-kg steers 
gaining .74 kg/d. Fenderson and Bergen (1975) 
found that plasma lysine increased linearly in a 
274-kg steer gaining .73 kg/d with lysine infusion. 
Based on the metabolizable lysine supplied, they 
estimated the lysine requirement to be e 23 g/d. 
Titgemeyer et al. (1988) determined a lysine re- 

Feather meal 

1 

I!' 

4.33 2.05 
1 - -  - - ~ ~ _ _  -~ 20 

0 .1 1 .3 .4 .5 .6 .7 
Daily intake of test protein, kg 

40 i 
Figure 6. Nonlinear regression of daily intake of 

feather meal protein against plasma lysine concentra- 
tion. The represents an animal observation, and the 
arrow identifies the breakpoint. 
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Table 6. Crude protein, escape protein, N digestibility, 
and amino acid contenta of feeds 

2891 

~ ~~ 

Sorghum He at -damaged Distillers’ Feather 
Item Corncobs silage distillers’ grains grains meal 

CP, o/o 2.4 7.5 29.0 28.9 84.3 
N escapeb 37.0 17.1 45.8 50.1 66.4 
N digestibility, ohc - - 92.0 100.0 94.0 

Arg 10.9 6.3 4.0 4.4 6.7 
His 1.3 1.7 2.2 2.4 .8 
Ile 1.6 3.4 2.0 3.1 3 .O 
Leu 4.3 7.6 11.4 11.9 7.7 
LYS 2.6 4.7 1 .9 2.3 2.0 
Met 1.5 1.5 1.7 1 .n .6 
Phe 2.4 4.1 5.0 5.2 4.9 
Thr 3.5 4.2 3.4 3.6 4.1 
Trp N D ~  .6 .7 .6 .4 
Val 3.0 4.1 4.2 4.2 6.2 
CYS 1 .9 1 .9 1.6 1.6 6.2 
T S U e  3.4 3.4 3.3 3.7 6.8 

&Expressed as a percentage of CP. 
bPercentage of protein remaining after 12 h in situ. 
CDetermined by Nakamura et al. (1991). 
dNot determined. 
eTotal sulfur amino acids (Met + Cys). 

quirement of 44 to 48 g/d for a 383-kg steer gaining 
1.08 kg/d. 

Identification of methionine as initially limiting 
for DDG-supplemented calves (Figure 2) is sup- 
ported by previous research that has identified 
sulfur amino acids as limiting in low-protein diets 
(Nimrick et al., 1970; Williams and Smith, 1974; 
Richardson and Hatfield, 1978; Storm and IZlrskov, 
19841. Such a broken-line response, however, was 
not expected for any amino acid until maximum 
gain was reached. 

A broken-line response of a limiting amino acid 
is not as distinguishable using whole proteins as it 
is when a single limiting amino acid is supplied. 
When an  infused limiting amino acid meets the 
requirement, either energy or a subsequent amino 
acid limits further protein synthesis, allowing 
rapid accumulation in the plasma of the infused 
amino acid. When whole proteins are fed and an  
amino acid requirement is met, the subsequent 
limiting amino acid continues to be supplied and 
continued protein synthesis moderates accumula- 
tion in the plasma. 

It is not feasible to conclude that methionine is 
limiting in diets low in escape protein based on 
these data (Tables 2, 3, and 4). A broken-line 
response should also have been observed for H- 
DDG and FTH, because the control calves fed urea 
represented the zero level of each test protein. A 
linear decrease in plasma methionine for FTH 
(Table 4) indicates that methionine or total sulfur 
amino acids are likely not limiting at  low levels of 
escape protein. 

Initial negative responses of amino acids to 
protein intake followed by a plateau (lysine for 
DDG and H-DDG, histidine and lysine for FTH1 
may be of more value than responses that identify 
amino acids that are limiting a t  low levels of 
escape protein. The quadratic significance of these 
responses adds credence to the obtained break- 
points. Such responses may identify amino acids 
that are limiting in the escape protein per se and 
not just in the microbial protein. If the biological 
value of the absorbed microbial protein is as high 
as has been estimated (‘‘near 100”; Owens and 
Zinn, 19861, the limiting amino acid in microbial 
protein may be inconsequential to livestock pro- 
duction. Determining amino acids that become 
limiting with supplementation with different pro- 
teins may be more valuable for productive pur- 
poses. 

Implications 

Plasma amino acid patterns may identify amino 
acids that become limiting with escape protein 
supplementation. The response of plasma methio- 
nine to graded dietary levels of distillers’ dried 
grains may indicate that methionine is limiting in 
microbial protein. Histidine may limit protein 
utilization of feather meal at  moderate levels of 
supplementation. Lysine may ultimately become 
limiting with increased supplementation of feather 
meal, distillers’ dried grains, and heat-damaged 
distillers’ dried grains. 
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