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Abstract


The primary objective was to quantitate forestomach escape of lysine fed to cows in a free form.  However since it was expected that a large proportion of the lysine would be degraded in the rumen, other objectives were to determine if lysine impacted ruminal fermentation as well as determine effects on performance of the cows.  Four multiparous Holstein cows, fitted with large diameter rumen cannulae between 6 and 8 weeks prior to their projected calving date, were assigned in a 4 x 4 Latin square design experiment between 2 and 4 weeks post-partum.  All cows were fed the same total mixed ration (TMR) and treatment differences were achieved by manually incorporating L-lysine HCl into each cow’s individually weighed allocation of TMR at the time of feeding to deliver 0, 1, 2 or 3 g of L-lysine from L-lysine HCl/kg of dry matter (DM) intake, although actually delivered lysine values were about 16% higher.  As expected, average rumen free lysine concentrations increased linearly (P = 0.05) due to increased feeding levels of lysine.  Rumen pH, N and volatile fatty acid concentrations, as well as other organic components of rumen ingesta, including those of isolated rumen bacteria, were unaffected by lysine feeding.  Intake of DM, neutral detergent fibre and crude protein were not influenced by increased feeding of L-lysine, as were production of milk and its components.  Feeding increasing levels of free lysine to lactating dairy cows, in three levels up to 71 g/d, resulted in an estimated forestomach escape of lysine of 35 g/kg of lysine fed, a level that is only about 1/6 of those reported in previous studies based upon short term pulse dosing and/or feeding studies.
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1. Introduction


It is widely accepted that dairy cows have requirements for amino acids (AA) that must be provided in the diet as a supplement to the AA in microbial protein that passes from the rumen.  However due to the lack of commercial availability of ruminally protected (RP) lysine that escapes the forestomach undigested, thereby making it available for absorption in the small intestine, there is little experimental data to support productive benefits to supplementation of dairy rations with lysine.  


Previous researchers (Velle et al., 1997, 1998; Volden et al., 1998) have reported ruminal escape of lysine that varied from about 100 to 291 g/kg of the lysine dosed, dependent upon the level of lysine dosed to the rumen.  Such levels, particularly the higher ones, make the use of free lysine a potentially economical source of intestinally available lysine.  However, the method of administration of lysine in all three of these studies, as a pulse dose, may have resulted in a relatively high estimate of ruminal lysine escape due to transitorily high concentrations of lysine in rumen fluid, which then washed out of the rumen at high levels due to the high passage rates of rumen liquids.  


The objective of this study was to feed cows unprotected L-lysine HCl, at levels similar to Volden et al. (1998), but mixed into the diet, in order to estimate ruminal lysine escape under conditions similar to those used in commercial situations.  However other objectives were to determine if feeding free lysine impacted rumen fermentation and function, forestomach NDF digestion, forestomach escape of microbial biomass, and productivity of the cows.  This study differed from Robinson et al. (2005) only in that the cows were not the same and the corn grain fed was fine ground as opposed to coarse cracked.  However a second study was deemed to be worthwhile in order to increase confidence in all the results obtained.

2. Materials and methods


The study was completed simultaneous with Robinson et al. (2005) and so only a brief summary of the materials and methods are presented here.

2.1. Cows and Design


Five multiparous Holstein cows, due to calve within a 4 week period, were fitted with large diameter rumen cannulae (Bar Diamond, Parma, ID, USA) between 6 and 8 weeks prior to their projected calving date.  During the balance of their dry periods, the cows were fed a herd base dry cow ration.  At calving, all cows were changed to the postpartum herd base total mixed ration (TMR) until their assignment to treatment.  As there were no health or calving problems with any cow, the cow with the lowest milk yield was dropped.  Cows were housed in tiestalls, bedded with softwood shavings on rubber mats and provided free access to water.


 Cows were assigned to a 4 x 4 Latin square design between 2 and 4 weeks post-partum.  All cows were fed the same TMR (Table 2), and treatment differences were achieved by manually incorporating L-lysine HCl into each cow’s individually weighed allocation of TMR at feeding.  The TMR was fed at 07:00 h (333 g/kg of daily allocation) and 14:00 h (667 g/kg of daily allocation) and the L-lysine HCl was allocated in the same proportions to the individual feedings.  Treatments were designed to deliver 0, 1, 2 or 3 g of L-lysine from L-lysine HCl (Ajinomoto Inc., Tokyo, Japan) per kg of DM intake but, due to the method of estimating expected future DM intake, actual values were about 16% higher.  Actual lysine delivery levels are in Table 3.

2.2. Measurements and analytical methods


Silages and TMR were procured, sampled and assayed as previously described (Robinson et al., 2005).  Orts were sampled on days 15, 17 and 20 of each period and composited within cow and period relative to the weights sampled.


Cows were milked, and milk sampled and assayed, as previously described (Robinson et al., 2005), as were body weights (BW) and body condition scores (BCS), which were collected at the beginning of each experimental period and at the end of the experiment.


A pulse dose of 35 g of Co EDTA, prepared as described by Udén et al. (1980), was dissolved in 200 ml of water and manually infused to the rumen through the rumen cannula at 06:55 h (i.e., immediately before feeding) on day 19 of each experimental period.  Rumen fluid was sampled at 06:50 h (i.e., immediately prior to Co EDTA infusion), 07:00, 07:30, 08:30, 09:30, 11:00, 12:30 and 14:00 h on day 19 of each period.  Sampling, sample preservation and analytical procedures for lysine, Co ammonia N, total N and VFA were as described by Robinson et al. (2005).  


Samples of rumen fluid were also collected at 09:00 and 13:00 h on day 20 of each period and ruminal bacteria were isolated, preserved and assayed as described by Robinson et al. (2005). Samples of whole rumen ingesta were collected at 09:00 and 13:00 h on day 21 of each period.  Samples were collected, preserved and assayed as previously described (Robinson et al., 2005).

2.3. Calculations


Rumen liquid turnover rate was calculated as the decline of the natural logarithm of the Co concentration during the AM feeding period, and the rumen liquid volume was estimated as the Co dose infused at 06:55 h divided by the extrapolated Co concentration at t = 0.


Estimated ruminal non-digestion of NDF was determined as the lignin/NDF ratio of the rumen ingesta divided by the lignin/NDF ratio of the TMR fed, but assuming 50 g/kg digestion (i.e., disappearance) of lignin in the rumen (mean forestomach disappearance of lignin measured by Robinson and Sniffen (1985) and Stensig and Robinson (1997)).  The size of the rumen bacterial N pool was estimated as the N/RNA ratio of isolated ruminal bacteria multiplied by the RNA concentration of ruminal ingesta.


An approximate method for calculating ruminal escape of lysine, in the fluid phase, was used to estimate (within cow) as the Co estimated rumen volume multiplied by the ruminal Co turnover rate multiplied by the mean ruminal lysine concentration during the AM feeding period multiplied by 7 (i.e., the number of hours in the AM feeding cycle) multiplied by the µmolar weight of lysine (all indicated as treatment mean values in Table 7) as:

 
Ruminal lysine escape (g/AM feeding) = ((rumen volume (L) * Co turnover rate (/h) * mean  

            lysine concentration (µmol/L) * 7 (h in feeding cycle)) * 0.000146 (lysine µmolar weight)


Proportional lysine escape was estimated by linear regression (see section 2.4), although proportional ruminal lysine escape for any treatment can be estimated as:


Ruminal lysine escape = ruminal lysine escape (g/AM feeding) / lysine fed (g/AM feeding)

if  rumen escape of free lysine in the control treatment is ignored (or accounted for).

2.4. Statistical Analysis


Data were analyzed as a 4 x 4 Latin square with diet, period and cow as factors using the general linear models procedure of SAS  (1985).  The model used was:


Yijkl = µ +Ti +Pj + Ck + εijkl

where: Yijkl = observation, µ = population mean, Ti = diet effect (I = 1 to 4), Pj = period effect (j = 1 to 4), Ck = cow effect (k = 1 to 4) and εijkl = residual error.  Linear and quadratic effects due to lysine feeding were determined.  Significant differences were accepted if P ( 0.05.
3. Results
3.1 Dietary ingredients, mixed concentrates, and mixed rations


The silages were judged to be of moderate nutritional quality based on relatively high fibre concentrations and moderate acid detergent insoluble CP concentrations.  All silages were well ensiled, as judged by a lack of visible mold or spoilage.  Chemical composition of grains and beet pulp (Tables 1) are typical (NRC, 2001), with the exception of barley grain, which had a relatively low CP and high NDF content, although this was known prior to ration formulation.  


In general, the chemical composition of the TMR (Table 2) was similar to that expected based on their ingredient composition and the chemical composition of the ingredients.  The SE of the nutrient levels, as assessed by individual analysis of the four period samples, was low.

3.2. Feed intake, productivity and body parameters


Intake of DM and its components (Table 3) were not influenced by increased feeding of L-lysine.  Production of milk, and its components (Table 4), was also unaffected by lysine feeding as was mean BW and BW change.  Mean BCS declined linearly (P < 0.05) with increased feeding of L-lysine, although this appears more related to the low SEM than a real treatment affect, and change in BCS was unaffected by L-lysine feeding.

3.3. Rumen Function

Rumen pH and VFA concentrations were not influenced by lysine feeding (Table 5), and apparent linear increases in both rumen total and ammonia N concentrations in rumen fluid were not statistically significant.  Organic components of rumen ingesta, as well as isolated rumen bacteria (Table 6), were unaffected by lysine feeding.

Rumen volume, and liquid turnover rate, were unaffected by lysine feeding (Table 7).  As expected, average rumen concentrations of free lysine during the AM feeding cycle (i.e., 07:00 to 14:00 h) increased linearly (P = 0.05), due to increased feeding of lysine.  Treatment differences between levels of lysine feeding in the current study largely occurred in the first 3 h after feeding (Figure 1), with no differences after this time.  Calculated rumen escape of soluble lysine, from any source, only increased numerically (P = 0.15) with increased lysine feeding (Table 7).

4.  Discussion

The primary objective of this study was to quantitate forestomach escape of lysine fed in a free form in the TMR.  However, since it was expected that a substantial proportion of the lysine fed would be degraded in the rumen, a second objective was to determine if this lysine impacted ruminal fermentation and determine possible impacts on performance of the cows.

4.1. Forestomach lysine escape


While the ANOVA analysis of the estimated forestomach escape of lysine only suggests a trend (P = 0.15) to increased escape of free lysine in response to higher feeding levels, regression analysis of all sixteen individual period by cow observations (Figure 2) shows that an average of 35 g/kg of fed lysine escaped rumen fermentation.  Clearly this value is much lower than rumen lysine escape proportions of 100 to 291 g/kg estimated from short term pulse dosing feeding studies of Velle et al. (1997, 1998) and Volden et al. (1998), as well as being somewhat less than our previous study (i.e., 74 g/g) that used similar methodology (this may at least partly be because the absolute ruminal lysine concentrations achieved at the highest feeding levels, 300 to 500 μmol/L, are only about 40% of those reported by Volden et al. (1998) and Robinson et al. (2005) of 1000 to 1100 μmol/L).  Nevertheless the average of 35 g/kg of fed lysine escaping rumen fermentation, measured in this study, could still be an overestimate of what might occur under practical feeding conditions where lysine would be added to a TMR prior to mixing and so could be susceptible to some degradation prior to ingestion by the cow.  

4.2. Ruminal fermentation


Levels of free lysine in rumen fluid were sharply increased by feeding increasing levels of free lysine.  However, the similarity in the composition of the rumen ingesta and rumen bacteria, as well as the level of VFA in the fluid phase and the estimated ruminal digestion of NDF, in the current study suggests that this lysine did not impact ruminal fermentation.  These findings of a negligible impact of increased feeding levels of free lysine on rumen fermentation are consistent with Bernard et al. (2004), in a study published after the completion of the current study, where feeding of 10 g/d of free lysine to Jersey cows had no impact on rumen fermentation, as well as our prior study (Robinson et al., 2005).

4.3. Performance of the cows


The lack of difference in performance of the cows with increasing levels of lysine in the diet is consistent with the lack of change in ruminal fermentation, as well as estimates of ruminal digestion of NDF.  In the absence of an increase in ruminal digestion, improved animal performance is unlikely unless there is a limitation in post-ruminal supplies of protein and/or AA.  Thus there could be little expectation that the increased post-ruminal delivery of lysine, at 34 g/kg of lysine fed (i.e., a maximum of 2.5 g/d), would result in increased milk production and/or milk components.  

5. Conclusions


Feeding increasing levels of free lysine to lactating dairy cows, in three levels up to 71 g/d, resulted in an estimated ruminal escape of lysine of 34 g/kg of lysine fed, a level that is only about 1/6 that of previously published studies based upon short term pulse dosing and/or feeding studies and 1/2 of what we reported in an earlier study using similar methodology.  In spite of the proportionally large (i.e., 966 g/kg) ruminal degradation of free lysine, parameters of rumen fermentation, and the composition of rumen ingesta, were unaffected by increased feeding levels of lysine, with the exception of rumen lysine.  Feed intake and milk production performance of the cows was unaffected by feeding free lysine.
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Table 1

Chemical composition of the forages, grains and beet pulp

	
	Timothy silagea
	Alf/timothy silageb
	Barley

grain
	Corn

grain
	Beet 

pulp

	
	
	
	
	
	

	Dry matter (g/kg)
	303
	347
	864
	872
	890

	
	
	
	
	
	

	105oC DM (g/kg)
	
	
	
	
	

	   Organic matter
	933
	921
	973
	983
	917

	   Neutral detergent fibre
	633
	538
	225
	121
	418

	   Acid detergent fibre
	355
	372
	ndc
	nd
	nd

	   Lignind
	24
	59
	nd
	nd
	nd

	   Crude protein
	123
	153
	114
	102
	101

	   Calcium
	3.1
	10.7
	1.4
	0.7
	8.3

	   Phosphorus
	3.0
	3.1
	3.8
	3.0
	0.8

	   Potassium
	22.4
	18.8
	5.7
	3.9
	5.8

	   Magnesium
	1.7
	2.0
	1.3
	1.3
	2.5

	   Sodium
	0.2
	0.2
	0.1
	0.1
	0.2

	
	
	
	
	
	

	105oC DM (g/kg)
	
	
	
	
	

	   Zinc
	44
	41
	31
	31
	24

	   Iron
	194
	241
	45
	38
	587

	   Manganese
	77
	53
	27
	15
	39

	   Copper
	5
	6
	5
	7
	5


a
Estimated from botanical composition to be 970 g/kg timothy and 30 g/kg other grasses.

b
Estimated from botanical composition to be 450 g/kg (as is basis) timothy, 450 g/kg alfalfa, and 100 g/kg other grasses.

c
Not determined.

d
Sulphuric acid procedure.

Table 2

Ingredient and chemical composition of the mixed ration fed

	
	   Total Mixed Ration
	           S.E.

	  
	
	

	Ingredient Composition
	
	

	   105oC DM (g/kg)
	
	

	      Timothy silage
	322
	

	      Alfalfa/timothy silage
	67
	

	      Beet pulp, pelletsa
	84
	

	      Barley grain, rolled
	95
	

	      Corn grain, fine ground
	250
	

	      Megalacb
	21
	

	      Canola meal, solvent
	26.7
	

	      Corn gluten meal
	20.7
	

	      Soybean meal, solvent
	74
	

	      Soypassc
	13.8
	

	      Yeast cultured
	2.0
	

	      Dicalcium phosphate
	2.4
	

	      Limestone
	11.3
	

	      Magnesium oxide
	1.0
	

	      Se-Mar 200e
	1.2
	

	      Dynamatef
	0.8
	

	      Sodium bicarbonate
	3.9
	

	      Trace mineralised saltg
	2.8
	

	      Vitamin premixh
	0.35
	

	      Dry matter
	468
	16.4

	
	
	

	Chemical Composition
	
	

	   105oC DM (g/kg)
	
	

	      Organic matter
	929
	0.9

	      Neutral detergent fibre
	404
	14.8

	      Acid detergent fibre
	230
	6.0

	      Lignini
	17
	0.9

	      Crude protein
	150
	6.6

	      Calcium
	8.5
	0.51

	      Phosphorus
	3.9
	0.04

	      Potassium
	15.2
	0.61

	      Magnesium
	2.5
	0.10

	      Sodium
	1.9
	0.18

	
	
	

	   105oC DM (mg/kg)
	
	

	      Zinc
	49
	1.4

	      Iron
	202
	5.3

	      Manganese
	57
	4.7

	      Copper
	8
	0.3

	  
	
	


a
Beet pulp pellets were soaked with an equal volume of water for 3 - 4 h prior to preparation of the TMR.

b
Church and Dwight Company, Princeton, NJ, USA.

c
Lignotech USA, Overland Park, KS, USA.

d
Diamond V Mills Inc., Cedar Rapids, IA, USA.

e
Se-Mar 200 contains 200 mg/kg of Se (Central Soya Ltd, Woodstock, Ontario, Canada).

f
Dynamate contains 220 g/kg S, 180 g/kg K and 110 g/kg Mg (Pitman Moore Inc., Oakville, Ontario, Canada).

g
Guaranteed analysis: 360 g/kg Na, 600 g/kg Cl, 1600 mg/kg Fe, 5000 mg/kg Mn, 7500 mg/kg Zn, 2500 mg/kg Cu, 70 mg/kg I and 40 mg/kg Co (Shur-Gain Feeds Inc., Moncton, New Brunswick, Canada).

h
Guaranteed analysis: 10,000,000 IU/kg Vitamin A, 1,500,000 IU/kg Vitamin D and 15,000 IU/kg Vitamin E (Shur-Gain Feeds Inc., Moncton, New Brunswick, Canada).

i
Sulphuric acid procedure.



Table  3

Impact of increasing levels of lysine supplementation on feed intake and l-lysine intake

	
	
	      Treatmenta
	
	
	
	            P
	

	
	     0
	      1
	      2
	    3
	  SEM  
	linear
	   quad

	
	
	
	
	
	
	
	

	 Dry matter (kg/day)
	20.94
	21.90
	20.93
	21.11
	0.236
	0.79
	0.35

	 Dry matter (g/kg BW)
	36.1
	37.4
	36.0
	36.3
	<0.01
	0.73
	0.38

	 Organic matter (kg/d)
	19.45
	20.35
	19.45
	19.62
	0.221
	0.80
	0.36

	 Neutral detergent fibre (kg/day)
	8.46
	8.81
	8.48
	8.50
	0.127
	0.84
	0.45

	 Neutral detergent fibre (g/kg BW)
	14.5
	15.1
	14.7
	14.6
	<0.01
	0.79
	0.23

	 Crude protein (kg/day)
	3.15
	3.24
	3.11
	3.11
	0.036
	0.34
	0.45

	 L-lysineb (g/day)
	0
	24.3
	48.4
	71.0
	1.78
	<0.01
	0.78

	 L-lysineb (g/kg DM intake)
	0
	1.20
	2.32
	3.42
	0.055
	<0.01
	0.63

	
	
	
	
	
	
	
	


a
Target grams of L-lysine, as L-lysine HCl, added per kg of DM intake.  See lower line of this Table for exact levels delivered.
b
Added L-lysine only.
Table  4

Impact of increasing levels of lysine supplementation on productivity and body parameters

	
	
	      Treatmenta
	
	
	
	            P
	

	
	     0
	      1
	      2
	    3
	    SEM  
	linear
	  quad

	
	
	
	
	
	
	
	

	Production (kg/day)
	
	
	
	
	
	
	

	  Milk
	40.07
	40.70
	40.58
	40.09
	0.804
	0.99
	0.69

	  Protein
	1.16
	1.17
	1.17
	1.16
	0.024
	0.85
	0.83

	  Fat
	1.35
	1.27
	1.41
	1.38
	0.035
	0.38
	0.75

	  Lactose
	1.82
	1.85
	1.86
	1.84
	0.040
	0.88
	0.75

	
	
	
	
	
	
	
	

	Milk composition (g/kg)
	
	
	
	
	
	
	

	  Protein
	28.8
	28.6
	28.9
	28.9
	0.16
	0.62
	0.74

	  Fat
	33.4
	31.4
	34.7
	34.4
	0.66
	0.23
	0.48

	  Lactose
	45.5
	45.4
	45.8
	45.8
	0.13
	0.29
	0.79

	  Urea N
	0.142
	0.157
	0.138
	0.142
	0.0031
	0.40
	0.36

	  Gross N efficiencyb
	0.359
	0.357
	0.369
	0.371
	0.0046
	0.17
	0.78

	
	
	
	
	
	
	
	

	Body weight
	
	
	
	
	
	
	

	  Mean (kg)
	582
	594
	592
	586
	9.1
	0.89
	0.55

	  Change (kg/d)
	-0.6
	0.1
	-0.9
	-1.3
	0.47
	0.38
	0.53

	
	
	
	
	
	
	
	

	Body condition score
	
	
	
	
	
	
	

	  Mean (units)
	2.92
	2.86
	2.88
	2.85
	0.005
	<0.01
	0.11

	  Change (units/week)
	0.11
	0.10
	-0.04
	0.08
	0.050
	0.51
	0.44

	
	
	
	
	
	
	
	


a
Target grams of L-lysine, as L-lysine HCl, added per kg of DM intake.  See Table 3 for exact levels delivered.
b
Grams of N in milk per kg N consumed.

Table  5

Impact of increasing levels of lysine supplementation on rumen metabolite concentrations

	
	
	      Treatment1
	
	
	
	            P
	

	
	     0
	      1
	      2
	    3
	    SEM  
	linear
	  quad

	
	
	
	
	
	
	
	

	pH
	6.60
	6.63
	6.68
	6.60
	0.014
	0.50
	0.07

	
	
	
	
	
	
	
	

	Nitrogen (mg/l)
	
	
	
	
	
	
	

	  Ammonia
	63.5
	68.7
	72.1
	73.8
	4.76
	0.34
	0.83

	
	
	
	
	
	
	
	

	  Total
	279.5
	285.7
	280.8
	307.3
	10.62
	0.33
	0.58

	
	
	
	
	
	
	
	

	Volatile fatty acids (meq/l)
	
	
	
	
	
	
	

	  Acetate
	47.8
	50.1
	48.7
	55.1
	1.43
	0.09
	0.42

	  Propionate
	20.7
	19.9
	19.1
	23.4
	0.68
	0.17
	0.07

	  Isobutyrate
	0.7
	1.0
	0.9
	0.8
	0.05
	0.50
	0.09

	  Butyrate
	9.5
	9.9
	9.3
	10.8
	0.51
	0.39
	0.60

	  Isovalerate
	1.0
	1.2
	1.1
	1.2
	0.05
	0.28
	0.50

	  Valerate
	1.1
	1.1
	1.1
	1.3
	0.05
	0.12
	0.28

	
	
	
	
	
	
	
	

	  Total
	80.8
	83.1
	80.2
	92.6
	2.55
	0.12
	0.28

	
	
	
	
	
	
	
	


1
Target grams of L-lysine, as L-lysine HCl, added per kg of DM intake.  See Table 3 for exact levels delivered.
Table  6

Impact of increasing levels of lysine supplementation on rumen ingesta and bacterial composition

	
	
	      Treatmenta
	
	
	
	            P
	

	
	     0
	      1
	      2
	    3
	    SEM  
	linear
	  quad

	
	
	
	
	
	
	
	

	Rumen ingesta composition
	
	
	
	
	
	
	

	   Dry matter (g/kg)
	184
	177
	179
	195
	4.4
	0.31
	0.18

	   Neutral detergent fibre (g/kg DM)
	626
	619
	642
	642
	8.7
	0.27
	0.80

	   Lignin (g/kg DM)
	61
	59
	61
	62
	0.9
	0.45
	0.45

	   Lignin/neutral detergent fibre
	0.097
	0.095
	0.094
	0.096
	0.0013
	0.80
	0.44

	   Crude protein (g/kg DM)
	149
	149
	152
	149
	3.3
	0.95
	0.76

	   RNA (mg/g OM)
	19.6
	12.3
	14.6
	14.7
	2.80
	0.54
	0.45

	  
	
	
	
	
	
	
	

	Rumen bacteria composition
	
	
	
	
	
	
	

	 N (g/kg OM)
	92.1
	91.5
	93.3
	95.4
	1.43
	0.29
	0.59

	 RNA (mg/g OM)
	137.0
	133.5
	128.3
	135.5
	9.13
	0.88
	0.73

	 N/RNA (g/mg)
	0.68
	0.75
	0.77
	0.74
	0.060
	0.63
	0.64

	
	
	
	
	
	
	
	


a
Target grams of L-lysine, as L-lysine HCl, added per kg of DM intake.  See Table 3 for exact levels delivered.
Table  7

Impact of increasing levels of lysine supplementation on calculated rumen liquid volume and turnover, forestomach neutral detergent fibre digestion, rumen bacterial N pool, and rumen lysine escape

	
	
	      Treatmenta
	
	
	
	            P
	

	
	     0
	      1
	      2
	    3
	    SEM  
	linear
	  quad

	
	
	
	
	
	
	
	

	Rumen liquid poolb
	
	
	
	
	
	
	

	   Volume (l)
	87.5
	98.0
	94.7
	90.1
	4.55
	0.89
	0.36

	   Turnover (proportion/h)
	0.194
	0.230
	0.202
	0.184
	0.0084
	0.35
	0.10

	 
	
	
	
	
	
	
	

	NDF digestion and bacterial N pool
	
	
	
	
	
	
	

	   NDF digestion (g/kg NDF intake)
	0.543
	0.533
	0.540
	0.537
	0.0052
	0.75
	0.71

	   Bacterial N pool (g/kg ingesta N)
	0.534
	0.279
	0.434
	0.407
	0.0589
	0.60
	0.28

	 
	
	
	
	
	
	
	

	Rumen lysinec
	
	
	
	
	
	
	

	   Concentration (μmol/l)
	50.7
	80.1
	59.9
	109.4
	8.94
	0.05
	0.52

	   Forestomach escape (g/AM feeding)
	0.9
	1.9
	1.2
	1.8
	0.17
	0.15
	0.61

	
	
	
	
	
	
	
	


a
Target grams of L-lysine, as L-lysine HCl, added per kg of DM intake.  See Table 3 for exact levels delivered.

b
Calculated from Co EDTA dilution.
c
Total lysine.  These values represent the AM feeding cycle (i.e., 07:00 h to 14:00 h) only.
Fig 1.  Rumen lysine concentrations during the AM feeding cycle as influenced by level of feeding (g/kg DM intake/day) of free L-lysine. [SEM ranged from 1.2 to 54.2; linear and quadratic effects were not significant (i.e., P > 0.05) at all times]
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Fig. 2.  Forestomach escape of lysine vs. free lysine fed (AM feeding period only).  

            [Y = (0.0347*X) + 0.99; r2 = 0.19, MSE = 0.5, P < 0.01 that 0.99 > 0, P = 0.10 that 0.0347 > 0]
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