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SITE AND EXTENT OF DIGESTION IN BEEF CATTLE CONSUMING RESTRICTED AMOUNTS OF FORAGE AND SUPPLEMENTAL UNDEGRADABLE INTAKE PROTEIN
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ABSTRACT: Eight Angus × Gelbvieh heifers (594 kg ( 44.4) fitted with ruminal and duodenal cannulae were used in a 4 × 4 Latin square double cross-over designed experiment to determine site and extent of digestion when beef cattle consume restricted amounts of forage and supplemental undegradable intake protein (UIP).  Heifers were fed chopped (2.54 cm) bromegrass hay (6.7% CP, 68% NDF) at 30, 55, 80, or 105% of maintenance.  Heifers fed below maintenance were given graded levels of a UIP supplement (6.8% blood meal, 24.5% feather meal, and 68.7% fish meal; DM basis) formulated to equalize essential AA supply at the small intestine to the 105% of maintenance treatment.  Experimental periods were 21 d in length with 17 d adaptation followed by 4 d of intensive sample collection.  Restricting intake from 105 to 30% of maintenance linearly decreased (P < 0.0001) microbial and total OM flows at the duodenum.  True ruminal OM and NDF digestion (g/d) declined linearly (P < 0.0001) with decreasing intake, but did not differ (P ( 0.31) among treatments when expressed as a percentage of intake (54.2 ± 2.0% and 60.7 ± 2.6%, respectively). Total tract OM and NDF digestibility increased linearly  (P ( 0.02) as intake decreased.  Level of feed intake did not affect (P = 0.40) true ruminal N digestibility; however, total tract N digestibility increased linearly (P < 0.0001) as level of supplemental UIP increased.  Microbial N flow decreased linearly (P < 0.0001) as intake decreased from 105 to 30% of maintenance, but non-ammonia-nonbacterial N (NANBN) flow did not differ (P = 0.18) across treatments.  Because supply of NANBN increased equally across treatments, irrespective of supplementation level, total N flow at the duodenum paralleled reduced microbial N flow observed with intake restriction.  Therefore, effects of restricted intake on ruminal degradation and subsequent escape of dietary protein must be considered when formulating UIP supplements for cattle consuming restricted amounts of forage.
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Introduction


Studies evaluating nutrition-reproduction interactions often use restricted intake to limit dietary energy (Schillo, 1992).  However, when dietary intake of forage was restricted from 120 to 30% of maintenance, intestinal supply of protein declined linearly due to decreased microbial protein synthesis (Scholljegerdes et al., 2000b).  Supplying equal amounts of protein to the small intestine across all levels of intake would be an initial approach to partitioning responses to energy and protein.  Feed protein that escapes ruminal degradation, undegradable intake protein (UIP), can be used to boost postruminal supply of protein.  However, greater ruminal retention time with restricted intake may confound extent of digestion (Riewe and Lippke, 1969) and a feedstuff’s UIP value (Shadt et al., 1999; Meng et al., 1999).  Therefore, the objective of this trial was to determine site and extent of digestion when beef cattle consume restricted amounts of forage and supplemental UIP.

Materials and Methods


Eight ruminally and duodenally cannulated Angus × Gelbvieh heifers (594 ( 44.4 kg) were used in a 4 × 4 Latin square double crossover design experiment (Neter et al., 1990) in accordance with an approved University of Wyoming Animal Care and Use Committee protocol.  Heifers were fed chopped (2.54 cm) bromegrass hay (6.7% CP, 68% NDF) at 30, 55, 80 and 105% of maintenance intake (equal proportions twice daily) according to the NRC (1996) ration evaluation computer software.  Initial BW was used as the primary input, and hay intake was not adjusted for changes in BW.  Graded levels of a UIP supplement were provided to heifers fed the 30, 55, and 80% of maintenance treatments in an effort to normalize postruminal protein supply to the 105% of maintenance treatment.  The UIP supplement was formulated on an essential amino acid (EAA) basis using the equation of Scholljegerdes et al. (2000a; total EAA flow to the small intestine = (0.055 ( OM intake) + 1.546) and contained 6.8% blood meal, 24.5% feather meal, and 68.7% fish meal (DM basis).  The UIP values for supplemental protein sources determined from in situ analysis and the AA composition of the UIP (NRC, 1996) was used to formulate supplement.

Each experimental period was 21 d with 17 d of adaptation to ensure adequate adaptation of the digestive system to forage intake level and UIP supplement, after which samples were collected for 4 d.  As a marker of digesta flow, boluses of 5 g of Cr2O3 were dosed intraruminally at each feeding from d-8 to d-19 of each sampling period.  Heifers were given ad libitum access to water and trace mineralized salt (Champions choice, Akzo Salt Inc.; guaranteed analysis [percentage of DM]: NaCl, 95 to 99; Co, Cu, I, Mn, Zn, and Fe, less than 1) until d-14 of each sampling period.  On d-14 of each sampling period, cattle were not allowed access to trace mineralized salt as to avoid any confounding effects with fluid passage rates due to increased water consumption.    

Sampling

Beginning at 0400 on d-18 of each sampling period, duodenal (200 mL) and fecal (50 mL) grab samples were taken every 4 h.  On d-19, collection times were advanced 2 h so that samples were collected to represent every 2 h in a 24 h period.  Fecal samples were dried in a 55( C forced-air oven, ground (Wiley mill, 2-mm screen), and composited (equal dry weight basis) within heifer for each period.  Duodenal digesta samples were composited (equal volume) within heifer for each period and immediately frozen. Duodenal digesta samples were lyophilized (Genesis SQ 25 Super ES Freeze Dryer, The VirTis Co., Gardiner, NY) and ground (Wiley mill; 1-mm screen).

Immediately before the AM feeding on d-20 of each period (0-h), approximately 200 mL of whole ruminal contents were collected.  Heifers were then dosed intraruminally with 200 mL Co-EDTA and 200 g (DM) of Yb-labeled hay (Teeter et al., 1984) for determination of fluid and particulate passage rate, respectively.  Ruminal samples were then collected at 3, 6, 9, 12, 15, 18, 21, 24, 36 and 48 h post dosing (only samples for Co and Yb determinations were collected at 24-h; only samples for Yb were collected at 36 and 48-h).  Ruminal pH was immediately taken on whole ruminal contents using a combination electrode (Orion Research Incorporated, Boston, MA), and contents were strained through eight layers of cheesecloth.  Ten mL of the resulting ruminal fluid was acidified with 0.1 mL of 7.2 N H2SO4 and immediately frozen.  The unstrained sample of whole ruminal contents was placed in a blender (Hamilton Beach / Proctor Silex, Washington, NC) with an equal volume of 0.9% NaCl (wt/vol) solution and homogenized for one minute to dislodge particulate associated bacteria.  The homogenized sample was then strained through eight layers of cheesecloth for subsequent bacterial isolation by differential centrifugation.  The resulting bacteria isolate was lyophilized (Genesis SQ 25 Super ES Freeze Dryer, The VirTis Co., Gardiner, NY) and ground with a mortar and pestle for subsequent laboratory analysis.

Laboratory Analysis

Feed, fecal, duodenal, and bacterial samples were analyzed for DM, ash, and Kjeldahl N (AOAC, 1990).  Neutral detergent fiber content of feed, feces, and duodenal digesta were determined using an Ankom 200 fiber analyzer (ANKOM Technology, Fairport, NY).  Chromium concentration in duodenal digesta and feces was determined by atomic absorption spectrophotometry (Model 210 VDT AASpectr. E. Norwalk, CT) with an air plus acetylene flame (Hill and Anderson, 1958).  Duodenal and isolated bacteria samples were analyzed for purine concentration (Zinn and Owens, 1986).  Duodenal NH3 N concentrations were determined by steam distillation over MgO (AOAC, 1990).

Acidified ruminal fluid samples were centrifuged at 10,000 x g for 10 min, and a 2.5 mL aliquot of the resulting supernatant was added to 0.5 mL of 25% metaphosphoric acid containing 2 g/L of 2-ethyl-butyric acid (Goestsch and Galyean, 1983).  These samples were then centrifuged for 10 min at 10,000 x g and the supernatant was analyzed for concentrations of VFA using a Hewlett-Packard 5890 GLC (Hewlett-Packard, Avondale, PA) equipped with a 15 ( 0.533 mm (I.D.) column (Nukol:  Supelco, Bellefonte, PA) with a ramp temperature of 110( C to 150( C at 8( C  per min.  Helium was used as carrier gas with a column flow rate of 20 mL per min.  Injector and detector temperatures were 250( C.  Ruminal NH3  concentration was determined by the phenol-hypochlorite procedure (Broderick and Kang, 1980).  Cobalt concentration was analyzed using atomic absorption spectrophotometry (Model 210 VDT AASpectr. E. Norwalk, CT) with an air plus acetylene flame (Hart and Polan, 1984).  Ytterbium concentration of ruminal contents was determined (Teeter et al., 1984) using atomic absorption spectrophotometry (Model 210 VDT AASpectr. E. Norwalk, CT) with a nitrous oxide plus acetylene flame.

Calculations and Statistical Analysis

Organic matter flow was calculated by dividing the amount of Cr dosed by the concentration of Cr in the respective sample (duodenal and fecal).  Duodenal flow of N and NDF was calculated by multiplying nutrient concentration in duodenal OM by duodenal OM flow.  Duodenal microbial N ratio was calculated by dividing microbial purine content by N in isolated bacteria from ruminal contents (Zinn and Owens, 1986).  Microbial OM flowing to the duodenum was calculated by dividing duodenal microbial N flow by microbial N percentage (OM basis).  True ruminal digestibility was calculated based on the amount of nutrient ingested subtracted from the amount present at the small intestine without bacterial nutrient contributions.  Ruminal fluid passage rate was calculated by regressing the natural logarithm of Co concentration on time after dosing (Uden et al., 1980).  Particulate passage was determined using the NLIN (G6-G1-0) remaining model which incorporates mixing and decay time (Ellis et al., 1994).  All data were analyzed using the GLM procedures of SAS (Release 7.0, ver. 4.1, 1998; SAS Institute, Cary, NC).  Orthogonal polynomial contrasts were used to determine linear, quadratic, and cubic effects of level of feed intake (Steel and Torrie, 1980).  For time course data, the sampling time and treatment ( sampling time effects were included in the SAS model; residual error was used to test these effects.  Treatment ( sampling time interactions were not detected (P ( 0.05); therefore only main effects of treatment are presented.

Results

Intake, Flow, and Digestion
Organic matter intake and total, bacterial, and non-microbial OM flow (g/d) and OM truly digested in the rumen (g/d) increased linearly (P < 0.0001) as dietary intake increased from 30 to 105% of maintenance (Table 1).  Due to proportional increases in OM intake and duodenal flow of both microbial and non-microbial OM, true ruminal OM digestibility (%) did not differ (P = 0.31) among treatments.  Total tract OM digested (g/d) increased linearly (P < 0.0001) whereas total tract OM digestibility (%) decreased linearly (P = 0.01) as forage intake increased from 30 to 105% of maintenance.

Intake and ruminal digestion (g/d) of NDF increased (P < 0.0001) from 30 to 105% of maintenance intake, providing no difference (P = 0.58) in ruminal NDF digestibility (% of intake).  However, total tract NDF digestibility decreased linearly (P < 0.02) as forage intake increased.

A cubic response (P = 0.0001) was noted for N intake because of period differences in forage N content, with the largest animals being on the 55 and 80% treatments when forage N was greatest.  Duodenal N flow increased linearly (P < 0.0001) due largely to a linear increase (P < 0.0001) in microbial N flow from 30 to 105% of maintenance intake.  Moreover, microbial N flow leveled off at 80% of maintenance intake resulting a quadratic response (P = 0.04).  Duodenal flow of NH3 N (P = 0.45) and non-ammonia, non-bacterial N (P = 0.18) did not differ across treatment.  True ruminal N digestion (g/d) did not differ (P = 0.30), and when expressed as a percentage did not differ (P = 0.40) across treatments.  Although not statistically significant (linear, P = 0.11), microbial efficiency (g of bacterial N flow/ kg of OM truly fermented) decreased by 5.3 units between the 80 and 105% maintenance intake treatments.  Expressed as g/d, total tract N digestion decreased linearly (P < 0.0001) as intake increased from 30 to 105% of maintenance intake.  When expressed as a percentage, total tract N digestion decreased linearly (P < 0.0001), reflecting the higher quality protein in the supplemental UIP.  

Ruminal Fermentation Patterns
A cubic response (P = 0.01) was noted for ruminal pH (Table 2), which was likely not biologically important because ruminal pH was above 6.3 for all dietary treatments.  Ruminal NH3 concentration declined (P  < 0.0001) from 3.5 to 1.3 mg/dL as intake increased from 30 to 105% of maintenance intake.  Total ruminal VFA concentration increased (P < 0.0001) because true OM digestion (g/d) increased with increasing intake.  Ruminal molar proportions of acetate and propionate did not differ (P ( 0.16), whereas butyrate and valerate increased (linear, P > 0.0001) and isovalerate and isobutyrate decreased (linear, P ( 0.002) as forage intake increased.  Ruminal fluid passage rate increased linearly (P < 0.0001) as intake increased, but particulate passage rate did not differ (P = 0.10) with increased forage intake.

Discussion

Increased duodenal OM flow with increasing intake is consistent with the findings of several researchers (Merchen et al., 1986, Sniffen and Robinson, 1987, Ludden and Kerley, 1997) who noted increased duodenal OM flow with increasing level of intake.  Greater total tract OM digestibility for cattle fed restricted levels of forage also agrees with Andersen et al. (1959) who observed that OM digestibility did not differ with 100% forage diets but increased when forage diets were mixed with concentrates.

In this trial, increasing OM intake increased ruminal fluid passage rate but did not affect particulate passage rate.  Likewise, increased ruminal fluid passage rate, without effect on particulate passage rate, with increasing intake was noted in sheep (Merchen et al., 1986) and cattle (Grimaud and Doreau, 1995).  In their review of the literature, Sniffen and Robinson (1987) suggested that increased ruminal fluid passage rate increased duodenal flow of bacteria.  Additionally, total digested nutrients within the rumen sets the functional plane of ruminal bacteria’s nutrition.  In a summary of over 100 research trials with cattle, Clark et al. (1992) demonstrated that microbial N flow to the duodenum is related to OM intake and total OM digested.  In our study, increased microbial OM flow to the small intestine with increased forage intake may be attributed, in part, to increased ruminal fluid passage rate, OM intake, and total OM digestion in the rumen.

Ruminal digestibility (%) of NDF was not affected by restricted forage intake and supplemental UIP.  Notwithstanding, the low intake treatments had the highest total tract NDF digestibility.  Murphy et al. (1994) also found that ruminal NDF digestibility did not differ but total tract NDF digestibility increased with restricted intake.  One explanation for this response could be that reduced digesta passage rate through the gastrointestinal tract allowed more time for colonic fermentation to occur (Hatfield et al., 1993).  

Contrary to what was expected, true ruminal N digestibility was not different across treatments. Our initial estimates for degradable intake protein (DIP) ranged from 44.6 to 55.0% of CP as forage intake increased from 30 to 105% of maintenance.  Increased ruminal NH3 (3.5 to 1.3 mg/dL) as forage intake decreased also indicates more extensive ruminal degradation of dietary protein with intake restriction.  Satter and Slyter (1974) recommended minimal ruminal NH3 levels of 2 mg/dL for proper microbial function.  Ruminal NH3 was only 1.3 mg/dL for cattle fed forage at 105% maintenance, suggesting that DIP in the forage was not adequate to meet microbial requirements.  Therefore, the quadratic response noted for microbial N flow to the duodenum and the trend for reduced microbial efficiency are attributed to insufficient dietary DIP when cattle consumed forage without supplemental protein.

Implications


Both reduced microbial protein supply and increased ruminal degradation of dietary protein must be considered when providing UIP supplements to cattle consuming restricted amounts of forage.
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Table 1.  Effects of restricted intake and supplemental protein on OM, NDF, and N intake, flow and digestibility.

     Intake level, % of maintenance      
                 Contrasta


Intake
30
55
80
105
SEMb
L
Q
C

OM intake, g/d


Total OM intake
3768
6281
8716
11262
61.1
<0.0001
0.79
0.50


Bromegrass hay
3199
5866
8533
11262
69.3
<0.0001
0.65
0.84


UIP supplement
569
415
184
---  
9.7
<0.0001
0.14
0.01

OM flow, g/d


Total duodenal
2228
3806
4930
6204
257.4
<0.0001
0.56
0.61


Bacterial
480
815
1096
1097
79.5
<0.0001
0.05
0.53


Non-microbial
1749
2991
3833
5107
187.8
<0.0001
0.94
0.33


Fecal
1288
2373
3556
4751
202.0
<0.0001
0.79
0.93

OM truly digested,


g/d
2019
3290
4883
6156
181.0
<0.0001
0.99
0.44


% intake
53.6
52.4
56.0
54.6
2.0
0.48
0.96
0.31

Total tract OM digested,


g/d
2480
3908
5161
6511
200.2
<0.0001
0.85
0.76


% of intake
65.7
62.2
59.2
57.8
2.2
0.01
0.65
0.92

NDF intake, g/d
2182
3934
5678
7468
45.0
<0.0001
0.67
0.79

NDF flow, g/d


Duodenal
1019
1868
2489
3576
153.8
<0.0001
0.45
0.33


Fecal
786
1532
2409
3270
130.3
<0.0001
0.66
0.80

Rumen NDF digested,










g/d
1163
2066
3189
3892
147.5
<0.0001
0.51
0.35


% of intake
53.3
52.6
56.1
52.1
2.97
0.99
0.60
0.39

Total tract NDF digested


g/d
1396
2403
3269
4199
136.8
<0.0001
0.78
0.74


% of intake
63.9
61.1
57.6
56.1
2.29
0.02
0.79
0.80

N intake, g/d
114.1
121.3
117.7
121.4
0.81
0.0001
0.05
0.0001

N flow, g/d


Total duodenal
113.4
149.8
169.6
167.5
8.6
<0.0001
0.03
0.89


Microbial
42.4
72.1
99.3
95.1
7.6
<0.0001
0.04
0.41


NH3N
17.1
17.3
17.2
16.1
0.87
0.45
0.46
0.85


NANMc
53.8
60.4
53.1
56.3
3.9
0.99
0.67
0.18


Fecal
28.6
44.8
54.5
62.4
2.2
<0.0001
0.08
0.63

True ruminal N digested,


g/d
60.3
60.9
64.6
65.1
3.8
0.30
0.98
0.71


% of intake
52.4
50.2
54.6
53.4
3.1
0.61
0.87
0.40

Microbial efficiencyd
21.1
22.5
21.2
15.9
2.21
0.11
0.15
0.90

Total tract N digestibility, %


g/d
85.6
76.5
63.2
58.9
2.4
<0.0001
0.34
0.23


% of intake
74.8
63.1
53.8
48.5
1.8
<0.0001
0.09
0.83

aL = linear, Q = quadratic, and C = cubic effects across intake levels.

b n = 8.

cNon-ammonia, non- bacterial N.

dMicrobial efficiency = g of microbial N/kg of OM truly fermented.

Table 2.  Effects of restricted intake and supplemental protein on ruminal pH, NH3 N, VFA, fluid and particulate passage rate.

     Intake level, % of maintenance      
                 Contrasta


Intake
30
55
80
105
SEMb
L
Q
C

pH
6.5
6.3
6.5
6.4
0.04
0.65
0.34
0.01

Ammonia N, mg/dL 
3.5
2.9
2.2
1.3
0.2
<0.0001
0.99
0.46

Total ruminal VFA, mM 
63
70
73
77
1.5
<0.0001
0.82
0.38

VFA, mol/100 mol


Acetate
70.7
70.0
69.4
67.7
0.3
0.16
0.43
0.38


Propionate
16.8
17.2
17.4
18.2
0.2
0.52
0.74
0.69


Butyrate
9.6
10.5
10.8
11.7
0.1
<0.0001
0.97
0.04


Isobutyrate
0.8
0.6
0.6
0.4
0.05
0.002
0.15
0.25


Valerate
0.8
0.8
0.9
0.9
0.01
0.005
0.01
0.96


Isovalerate
1.2
0.9
0.9
0.8
0.02
<0.0001
0.003
0.43

Passage rates, %/h


Fluid 
4.4
6.4
7.9
9.5
0.6
<0.0001
0.76
0.78


Particulate
4.6
6.7
3.9
4.9
1.1
0.72
0.67
0.10

aL = linear, Q = quadratic, and C = cubic effects across intake levels.

bn = 64 for VFA ; n = 8 for passage rate.
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