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Effect of corn processing on starch digestion and
bacterial crude protein flow in finishing cattle’

R. J. Cooper, C. T. Milton, T. J. Klopfenstein?, T. L. Scott, C. B. Wilson, and R. A. Mass

Department of Animal Science, University of Nebraska, Lincoln 68583-0908

ABSTRACT: Six ruminally and duodenally cannu-
lated yearling steers (523 kg) were used in a replicated
3 x 3 Latin square design experiment to study the ef-
fects of corn processing on nutrient digestion, bacterial
CP production, and ruminal fermentation. Dietary
treatments consisted of 90% concentrate diets that were
based on dry-rolled (DRC), high-moisture (HMC), or
steam-flaked (SFC) corn. Each diet contained 2.0% urea
(DM basis) as the sole source of supplemental nitrogen.
Each period lasted 17 d, with d 1 through 14 for diet
adaptation and d 15 through 17 for fecal, duodenal, and
ruminal sampling. Dry matter and OM intakes were
similar for DRC and SFC but were approximately 15%
higher (P <0.05) for HMC. True ruminal OM digestibili-
ties were 18 and 10% greater (P < 0.05) for HMC than
for DRC or SFC, respectively. Ruminal starch digest-

ibilities were similar between HMC and SFC and were
approximately 19% greater (P < 0.05) than DRC. Post-
ruminal OM digestibility was similar among treat-
ments; however, postruminal starch digestibility was
15% greater (P < 0.05) for SFC than for DRC or HMC,
which were similar. Total-tract DM and OM digestibili-
ties were similar between HMC and SFC and were 4%
greater (P < 0.05) than DRC. Likewise, total-tract
starch digestibilities were similar between HMC and
SFC and were 3% greater (P <0.05) than DRC. Bacterial
CP flow to the duodenum was 29% greater (P < 0.05)
for HMC than for DRC or SFC, which were similar.
Bacterial N efficiencies were similar among treatments.
Based on bacterial CP flow from the rumen, we estimate
that dietary DIP requirements are approximately 12%
higher for HMC-based diets than for DRC or SFC-based
diets, which were similar.
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Introduction

Starch is the primary energy component of corn and
therefore is the primary nutrient in typical finishing
diets used to promote high levels of production. Thus,
optimal starch utilization is fundamental to improving
the efficiency of feedlot cattle production (Theurer,
1986). The primary goal of corn processing for feedlot
diets is to increase energy (starch) availability (Owens
et al., 1997). In a survey of six feedlot consultants re-
sponsible for the nutrition program for approximately
3.6 million cattle, Galyean (1996) reported that all corn
was processed before feeding, most commonly by steam
flaking, followed by dry-rolling and high-moisture
storage.

Huntington (1997) summarized data from 14 trials
published from 1986 through 1995 on the influence of
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corn processing on starch digestibility. For dry-rolled,
high-moisture, and steam-flaked corn, ruminal starch
digestibilities were 76.2, 89.9, and 84.8% of intake, re-
spectively. Postruminal starch digestibilities were 68.9,
67.8, and 92.6% of that entering the duodenum, respec-
tively, whereas total-tract starch digestibilities were
92.2, 95.3, and 98.9% of intake, respectively.

Increasing ruminally available energy (starch)
should increase the synthesis and efficiency of bacterial
CP (BCP) in the rumen and therefore increase the di-
etary degradable intake protein (DIP) requirement
(NRC, 1996). Our objectives were 1) to evaluate the
effect of corn processing on site and extent of starch
digestion, 2) to evaluate the effect of corn processing
on BCP production, and 3) predict dietary DIP require-
ments for steers fed dry-rolled, high-moisture, and
steam-flaked corn-based diets based on BCP pro-
duction.

Materials and Methods

Animals and Diets. Six crossbred yearling steers (523
kg) were used in a replicated 3 x 3 Latin square design
experiment to study the effects of corn processing on
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Table 1. Composition of experimental diets (% of DM)

Diet?
Ingredient DRC HMC SFC
Dry-rolled corn 81.75 — —
High-moisture corn — 81.75 —
Steam-flaked corn — — 81.75
Alfalfa hay 5.0 5.0 5.0
Cottonseed hulls 5.0 5.0 5.0
Molasses 3.0 3.0 3.0
Dry supplement” 5.25 5.25 5.25
Urea 2.00 2.00 2.00
Limestone 1.59 1.59 1.59
Finely ground corn 0.81 0.81 0.81
Finely ground corn 0.81 0.81 0.81
Salt 0.30 0.30 0.30
Chromium oxide 0.25 0.25 0.25
Potassium chloride 0.12 0.12 0.12
Tallow 0.10 0.10 0.10
Trace mineral premix 0.05 0.05 0.05
Rumensin premix 0.02 0.02 0.02
Tylan premix 0.01 0.01 0.01
Vitamin premix 0.01 0.01 0.01
Ammonium sulfate 0.001 0.001 0.001

2DRC = dry-rolled corn, HMC = high-moisture corn, SFC = steam-flaked corn.
PAll diets supplemented to contain a minimum of 0.7% Ca, 0.28% P, 0.6% K, and 0.15% S. All diets
contained 30 mg/kg monensin and 11 mg/kg tylosin (Elanco Animal Health, Indianapolis, IN).

nutrient digestion, protein production, and ruminal fer-
mentation. Dietary treatments (Table 1) consisted of
90% concentrate diets that were based on dry-rolled
(DRC), high-moisture (HMC), or steam-flaked (SFC)
corn. Each diet contained 2.0% urea (DM basis) as the
sole source of supplemental nitrogen so that ruminal
ammonia would not limit ruminal fermentation or mi-
crobial protein synthesis. In addition, all diets were
supplemented to contain a minimum of 0.7% Ca, 0.28%
P, 0.6% K, and 0.15% S. All diets contained 30 mg/kg
monensin (Elanco Animal Health, Indianapolis, IN),
11 mg/kg tylosin (Elanco Animal Health), and 0.25%
chromium oxide as an external marker.

Dry-rolled corn was processed to a mean particle size
(Ensor et al., 1970) of 2,850 + 4 pm through a single-
stack rollermill. Kernels visually appeared to be broken
into thirds. High-moisture corn was harvested at ap-
proximately 29% moisture, processed through a roller
mill, and stored in a covered concrete bunker for approx-
imately 250 d. Mean particle size (Ensor et al., 1970)
of high-moisture corn was 722 + 10 pm, and soluble
protein (Waldo and Goering, 1979) was 46% at the time
of feeding. Steam-flaked corn was processed to a flake
density of 0.37 kg/L (29 Ib/bushel) at a commercial feed-
lot (Hi-Gain Feedlot, Inc., Cozad, NE) and delivered to
the research feedlot on a weekly basis. Mean particle
size (Ensor et al., 1970) was 2,278 + 6 . at the time of
feeding. Corn for processing methods was not from sin-
gle hybrid but rather a blend of commercial yellow dent
hybrids commonly grown in Nebraska and found in
commodity corn.

Ruminal and double-L duodenal cannulas (Streeter
et al., 1991) were surgically placed in each steer approx-

imately 1 yr before the trial began. Surgical and posts-
urgical care procedures were similar to those outlined
by Stock et al. (1991), and all procedures had been
reviewed and accepted by the University of Nebraska
Institutional Animal Care Program. Steers were
housed in 1.5- x 2.4-m individual slotted-floor pens in
a 25°C temperature-controlled room. Steers were fed
for ad libitum intake once daily at 0900.

Sampling. Each 17-d period consisted of a 14-d diet
adaptation and a 3-d sample collection. Duodenal and
fecal grab samples were collected eight times daily at
3-h intervals, with collections performed 1 h later each
day so that samples were obtained for each 1-h interval
of a day. For each steer in each period, fecal samples
were composited on an equal wet-weight basis, dried
in a 60°C oven, and ground to pass through a 1-mm
screen. Duodenal samples were freeze-dried, ground to
pass through a 1-mm screen, and composited for each
steer in each period on an equal dry-weight basis.

On d 16 of each period, ruminal fluid samples were
collected every 3 h starting at 0900 using the suction
strainer technique (Raun and Burroughs, 1962). Rumi-
nal fluid samples (50 mL) were immediately measured
for pH using a combination electrode and then frozen
(=20°C) for further analysis.

At the end of each period, whole-ruminal contents (2
kg) were collected from each steer at 0800 h. Microbial
activity was stopped by mixing ruminal contents with
1 L of cold, 3.7% formalin solution (9 g NaCl and 100
mL of 37% formaldehyde/L) and then freezing at —20°C.
Thawed samples were then blended at 1,000 x g for 1
min and then strained through two layers of cheese-
cloth. Samples were then composited within each di-
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etary treatment on an equal fluid-volume basis. Com-
posited samples were then centrifuged to isolate rumi-
nal bacteria following the procedures of Bock et al.
(1991).

At the end of the experiment, steers were maintained
on their respective diets from the third period of the
Latin square (two steers on each diet) in order to mea-
sure in situ rate of protein and starch digestion. Com-
posites of DRC, HMC, and SFC from Periods 1, 2, and
3 were freeze-dried and weighed into Dacron bags (5 x
10 cm, 53-pm pore size; Ankom, Fairport, NY; 5 g/bag).
Dacron bags were incubated in the rumen for 0, 12, 24,
and 96 h (five bags/corn processing type/time point/
steer). All bags were removed from steers at the same
time, rinsed, and dried at 60°C for 48 h. Bags were
then composited within corn type, time point, and steer.
Composited samples were ground to pass through a 1-
mm screen.

Laboratory Analysis and Calculations. Feed ingredient
and orts samples were analyzed for DM throughout the
trial in a 60°C oven for 48 h. Laboratory DM of feed
ingredient, orts, duodenal, fecal, bacteria, and in situ
samples was determined in a 100°C oven for 12 h, and
organic matter was determined by ashing samples at
500°C for 12 h (AOAC, 1995). Nitrogen content of feed
ingredient, orts, duodenal, bacteria, and in situ samples
was determined using a nitrogen analyzer (AOAC,
1995). Chromium concentration of feed ingredient, orts,
duodenal, and fecal samples was determined using
atomic absorption (Williams et al., 1962). Starch con-
tent of feed ingredient, orts, duodenal, fecal, and in situ
samples was determined by procedures of Murphy et
al. (1994). Purine content of duodenal and bacteria sam-
ples was determined using a modified procedure of Zinn
and Owens (1986) as described by Creighton et al.
(2000). Ruminal fluid VFA concentration was measured
using the procedures of Erwin et al. (1961), and NHj
N was measured using the procedures of McCullough
(1967).

Microbial OM and CP flowing to the duodenum was
calculated using purines as the microbial marker (Zinn
and Owens, 1986). Organic matter fermented in the
rumen was calculated as OM intake minus total OM
reaching the duodenum corrected for microbial OM
reaching the duodenum. Microbial OM was assumed to
be equal to microbial N + 0.0996 (Clark et al., 1992).
Microbial DM was assumed to contain 21% starch
(NRC, 1996) in order to calculate true ruminal starch di-
gestibilities.

In situ rates of ruminal starch and protein disappear-
ance were calculated assuming first-order kinetics
(Mertens, 1987). Washed, but not incubated, bags were
used for zero time points. Nitrogen and starch re-
maining in the 96-h samples were considered to be ex-
tent of digestion and the rate of digestion (kd) of the
potentially digestible fraction was determined. To esti-
mate DIP and ruminal starch digestibility values for
each processed corn type, a corn ruminal passage rate
(kp) of 3.44%/h was assumed, which was the average

corn rate of passage in steers fed 90%-concentrate DRC-
based diets as reported by Shain et al. (1999). Corn DIP
(% of CP) was calculated as follows: 100 — [CP x ({[kp/
(kp + kd)] x B} + 96-h indigestible CP)], where CP =
crude protein content of corn and B = potentially de-
gradable fraction. Likewise, corn ruminal starch diges-
tion (%) was calculated as: 100 — ({[kp/(kp + kd)] x B}
+ 96-h indigestible starch).

Statistical analysis. Data were analyzed as a repli-
cated 3 x 3 Latin square design using the mixed proce-
dure of SAS (SAS Inst. Inc., Cary, NC). Steer within
period was the experimental unit. Model consisted of
steer, period, and dietary treatment. Steer within pe-
riod was a random effect. Least squares means were
separated using the least significance difference
method when a significant (P < 0.10) F-test was de-
tected.

Ruminal ammonia, ruminal pH, and VFA data were
analyzed as repeated measures using the GLM proce-
dure of SAS. Steer within period was the experimental
unit. Model consisted of steer, period, and dietary treat-
ment. Time of the eight observations within a day was
the repeated variable. Least squares means were sepa-
rated using the least significance difference method
when a significant (P < 0.10) F-test was detected.

In situ data were analyzed as a randomized complete
block design using the mixed procedure of SAS. Steer
was the experimental unit. Model consisted of grain
processing method, base diet, and the processing
method x base diet interaction. Least squares means
were separated using the least significance difference
method when a significant (P < 0.10) F-test was de-
tected.

Results

Influence of corn processing on intake and character-
istics of ruminal and total-tract digestion are shown in
Table 2. Dry matter and OM intakes were 15% greater
(P < 0.05) for HMC than for DRC or SFC, which were
similar. Starch intakes were similar (P > 0.10) among
treatments.

True ruminal OM digestibilities were approximately
18 and 10% greater (P < 0.05) for HMC compared with
DRC and SFC, respectively. True ruminal starch di-
gestibilities were similar between HMC and SFC and
were approximately 18% higher (P < 0.05) compared
with DRC. Postruminal OM digestibility was similar
among treatments; however, postruminal starch digest-
ibility was 15% greater (P < 0.05) for SFC compared
with DRC and HMC, which were similar. Total-tract
DM and OM digestibilities were similar between HMC
and SFC and were 4% greater (P < 0.05) than DRC.
Likewise, total-tract starch digestibilities were similar
between HMC and SFC and were 3% greater (P < 0.05)
than DRC.

Bacterial CP flow to the duodenum was 29% greater
(P <0.05) for HMC compared with DRC and SFC, which
were similar. Bacterial N efficiencies were similar
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Table 2. Influence of corn processing on characteristics of
ruminal and total-tract digestion

Treatment?®
Item DRC HMC SFC SEM
Intake, kg/d
DM 12.7° 14.5¢ 12.5° 0.4
N 0.313" 0.375°¢ 0.308" 0.013
oM 12.1° 13.8¢ 11.9° 0.5
Starch 7.8 8.4 7.5 0.3
Ruminal digestibility, %
Apparent OM 52.5P 62.9° 57.3% 2.4
True OM
0.2 purine:N¢4 70.3° 82.5° 75.3" 1.6
0.3 purine:N°® 64.4° 76.0¢ 69.3° 1.8
Apparent starch 76.2° 91.7¢ 89.6° 1.6
True starch
0.2 purine:N¢ 83.8° 100.2¢ 97.2¢ 1.2
0.3 purine:N*® 81.2° 97.3¢ 94.7¢ 1.3
Postruminal digestibility, % entering
OM 69.1 67.1 72.5 1.8
Starch 84.4° 86.5° 98.3¢ 2.1
Total-tract digestibility, %
DM 83.5" 86.7¢ 87.2¢ 0.7
OM 84.6" 88.0°¢ 88.1¢ 0.7
Starch 96.1° 98.7¢ 99.8¢ 0.5
Nitrogen flow to duodenum, g/d 234 262 274 18
Bacterial N flow to duodenum, g/d
0.2 purine:N¢ 208f 2718 211f 18
0.3 purine:N® 138f 180¢ 140f 12
Bacterial N efficiency, g of N/kg OM truly degraded in rumen?
0.2 purine:N¢ 25.4 23.7 23.9 1.7
0.3 purine:N* 18.5 17.2 17.4 14

2DRC = dry-rolled corn; HMC = high-moisture corn; and SFC = steam-flaked corn.
P<Means in row with unlike superscripts differ (P < 0.05).

dCalculated using measured purine:N ratio of 0.2.
°Calculated using assumed purine:N ratio of 0.3.

f&Means in row with unlike superscripts differ (P < 0.10).

among treatments. We measured a bacterial purine:N
ratio of 0.2 from our rumen samples. However, we feel
that this ratio is incorrect because it provided bacterial
N flows that were greater than total N flow from the
duodenum (Table 2). Furthermore, overestimation of
bacterial flow from the rumen resulted in extremely
high true ruminal starch digestibilities, over 100% for
HMC (Table 2). A recent report (Obispo and Dehority,
1999) argues that purine:N ratios determined using
differential centrifugation often underestimate the pu-
rine:N ratio and, thus, overestimate BCP flows from
the rumen. Similar to our data, they measured a pu-
rine:N ratio of 0.2 using differential centrifugation on
mixed rumen contents; however, they measured a pu-
rine:N ratio of 0.55 using pure bacterial cultures. Based
on their findings and other observations within our lab
(data not shown), we decided to recalculate the data
using an assumed purine:N ratio of 0.3. Values for both
purine:N ratios are shown in Table 2. Relative differ-
ences among treatments were similar; however, we feel
that the purine:N ratio of 0.3 provided more realistic
bacterial N flows, true ruminal starch digestibilities,
and bacterial N efficiencies.

Effects of corn processing on in situ protein and starch
digestion characteristics are shown in Table 3. Crude
protein content was higher for HMC than for DRC or
SFC. Rate of ruminal protein digestion was approxi-
mately 217% more rapid (P < 0.05) for HMC compared
with the average of DRC and SFC, which were similar.
As a result, the DIP value was approximately 137%
higher (P < 0.05) for HMC compared with the average
of DRC and SFC. Rate of ruminal starch digestion was
similar between HMC and SFC, and approximately
58% greater (P < 0.05) than DRC. Ruminal starch di-
gestibilities were similar between HMC and SFC and
were 31% greater (P < 0.05) than DRC.

Effects of corn processing on ruminal fermentation
characteristics are shown in Figures 1 through 6. All
rumen fermentation characteristics measured, except
for butyrate, had significant (P < 0.01) time X corn pro-
cessing method interactions.

Discussion

A primary goal in corn processing is to increase starch
availability. Ourin vivo data suggest that early-harvest
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Table 3. Effect of corn processing on in situ protein and starch digestion

Treatment?®

DRC HMC SFC SEM
Crude protein, % of DM 9.0 9.9 9.1 —
Rate of protein digestion, %/h 3.12° 10.54¢ 3.52° 0.52
96-h extent of protein digestion, % 65.7 83.1° 53.6¢ 8.6
Undegradable intake protein, % of DM® 6.20° 3.26° 6.78" 0.25
Undegradable intake protein, % of CP® 68.9 32.9 74.5 —
Degradable intake protein, % of CP® 31.1 67.1 25.5 —
Starch content, % of DM 74.0 71.0 73.0 —
Rate of starch digestion, %/h 2.97° 4.8° 4.39¢ 0.47
96-h extent of strach digestion, % 84.0° 91.7° 98.54 1.4
Ruminal starch digestion, %° 52.0P 68.4¢ 67.7¢ 14

801

ADRC = dry-rolled corn; HMC = high-moisture corn; SFC = steam-flaked corn.
bedMeans in row with unlike superscripts differ (P < 0.05).
¢Assumes rate of ruminal passage of 3.44%/h for corn.

high-moisture corn processing and storage or steam
flaking corn to 0.37 kg/L (29 Ib/bu) increases ruminal
starch digestion by 19% over dry rolling. In situ data
suggest that HMC and SFC have 33% greater ruminal
starch digestibilities than DRC. The in vivo and in situ
data have similar trends, but the in situ ruminal starch
digestibilities are approximately 22 percentage units
lower than in vivo values. Differences are probably due
to corn particle size. In the in situ procedure, processed
corn placed in the bags was similar in particle size and
integrity as it would be going into the feed bunk, unlike
the in vivo processed corn, which was masticated as
the animal consumed the diet. Other data from our lab
suggest that mastication increases the in situ DIP value
of DRC by approximately 8 percentage units, and HMC

30
25 | —¢—DRC
> ~f-HMC
o 20 | —=SFC
5
£ 3
§3 15
% E
£
IS 10 |
3
14
5 |
0 b ab ab bc bc c ac
g 8 8 8 8 8 8 8
Time of day

Figure 1. Effect of corn processing on ruminal ammonia
concentration. Steers were fed at 0900. Treatment X time
interaction (P < 0.01). Differences among means within a
sampling time are denoted by letters on the x-axis and
the following footnotes. *Dry rolled corn (DRC) vs high
moisture corn (HMC) (P < 0.10). P DRC vs steam flaked
corn (SFC) (P < 0.10). “‘HMC vs SFC (P < 0.10).

by approximately 9 percentage units (data not shown).
We do not have data for starch digestion, but we would
hypothesize similar trends.

We measured apparent ruminal starch digestibilities
of 76, 92, and 90% for DRC, HMC, and SFC, respec-
tively. Huntington (1997) summarized data from 14
trials published from 1986 through 1995 and reported
average ruminal starch digestibilities of 76, 90, and
85% for DRC, HMC, and SFC, respectively. Galyean et
al. (1976), the only published data that the authors are
aware of that directly compare starch digestibilities of
DRC, HMC, and SFC-based diets in a single trial, re-
ported ruminal starch digestibilities of 78, 89, and 83%,
respectively. We found that SFC had 18% greater (P <
0.05) ruminal starch digestibility compared with DRC,

6.5

Ruminal pH
o
o

o
o
.

a ab ab ab bc
5.0
8 8 8 8 8 8 8 8
> & & & 75 ° ©° @
Time of day

Figure 2. Effect of corn processing on ruminal pH.
Steers were fed at 0900. Treatment x time interaction (P
< 0.01). Differences among means within a sampling time
are denoted by letters on the x-axis and the following
footnotes. “Dry rolled corn (DRC) vs high moisture corn
(HMC) (P < 0.10). "DRC vs steam flaked corn (SFC) (P <
0.10). “High moisture corn (HMC) vs SFC (P < 0.10).


http://jas.fass.org

802 Cooper et al.

60

40 |

30 |

Ruminal acetate,
mM

——DRC
- HMC
201 ——SFC
10 |
b a ab c b b
0
o o o o (=] o o o
(=} =] =] =] =] S <] =]
Time of day

Figure 3. Effect of corn processing on ruminal acetate
concentration. Steers were fed at 0900. Treatment x time
interaction (P < 0.01). Differences among means within a
sampling time are denoted by letters on the x-axis and
the following footnotes. *Dry rolled corn (DRC) vs high
moisture corn (HMC) (P < 0.10). P DRC vs steam flaked
corn (SFC) (P < 0.10). “High moisture corn (HMC) vs SFC
(P < 0.10).

whereas Huntington (1997) and Galyean et al. (1976)
reported values of 12 and 6%, respectively.

We measured 15% greater (P < 0.05) postruminal
starch digestibilities with SFC compared with DRC and
HMC, which were similar. Huntington (1997) reported
that SFC had approximately 35% greater postruminal
starch digestibilities than the average of DRC and

60
50 |
2
S 40|
o
s
=S 30
i;“ €
E 2] [——DRC
2 —m~HMC
10 | =p—SFC
7 S |
b ab ab ab ab ab ab
0

(=] [=] (=3 (=] o (=] o o
=] =1 S =] <] S =] =}
[<2] N n @© - o @ ©
-~ -~ ~ o~
Time of day

Figure 4. Effect of corn processing on ruminal propio-
nate concentration. Steers were fed at 0900. Treatment X
time interaction (P < 0.01). Differences among means
within a sampling time are denoted by letters on the x-
axis and the following footnotes. *Dry rolled corn (DRC)
vs high moisture corn (HMC) (P < 0.10). "DRC vs steam
flaked corn (SFC) (P < 0.10).

16

14 | T
12 |
3]
©
2 10 |
>
3 S s
gE
6 |
g ——DRC
€, —a—HMC
——SFC
2 |
0
3 8 8 3 8 8 8 8
& ¢ e 8 §F ° e &
Time of day

Figure 5. Effect of corn processing on ruminal butyrate
concentration. Steers were fed at 0900. Treatment x time
interaction (P = 0.53); dry rolled corn (DRC) vs steam
flaked corn (SFC) (P < 0.05).

HMC, which were similar. Galyean et al. (1976) did
not find significant differences in postruminal starch
digestion among processing methods, but HMC and
SFC were numerically 7 and 11%, respectively, greater
than DRC. Greater postruminal starch digestion for
SFC compared with DRC might be due to simply less
starch entering the duodenum for SFC. However, our
data suggest that postruminal digestion is also greater
for SFC than HMC, even though HMC had numerically
less starch flowing from the rumen.

120

100 |

80 4

60 4

Total ruminal VFA
mM

—e—DRC

40 | —a—HMC

= SFC

20 |

ab ab ab a a

Y ‘ -
g8 8 3 s 8 8 3 3
[=2] ‘(\_l ‘IQ ?_: & o 3] ©o

Time of day

Figure 6. Effect of corn processing on total ruminal
VFA concentration. Steers were fed at 0900. Treatment x
time interaction (P < 0.01). Differences among means
within a sampling time are denoted by letters on the x-
axis and the following footnotes. *Dry rolled corn (DRC)
vs high moisture corn (HMC) (P < 0.10). "DRC vs steam
flaked corn (SFC) (P < 0.10).
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We measured 3% lower (P < 0.05) total-tract starch
digestibility with DRC compared with the average of
HMC and SFC, which were similar. Huntington (1997)
reported a 7% lower total-tract starch digestibility for
DRC compared with SFC, with HMC being intermedi-
ate. Similar to our data, Galyean et al. (1976) reported
3% lower total-tract starch digestion for DRC compared
with HMC and SFC, which were similar.

Our results suggest that BCP flow to the duodenum
is similar between cattle consuming DRC and SFC-
based diets, even though ruminal OM and starch digest-
ibilities were greater for SFC. Bacterial CP flow for
HMC was 29% greater than the average of DRC and
SFC. Bacterial CP efficiencies were statistically similar
among treatments; therefore, differences in BCP flow
are due to differences in intake and ruminal digestibil-
ity of OM (primarily starch in these diets). Few data
are available that have measured the BCP flow in cattle
fed HMC-based diets. However, several trials have been
published, primarily from one laboratory, which com-
pare DRC and SFC. Reported BCP flows range from
similar (Zinn et al., 1995), to 13% greater (Barajas and
Zinn, 1998), 28% greater (Zinn, 1990), and 31% greater
(Zinn et al., 1998) for steers fed SFC compared with
DRC-based diets. Bacterial CP efficiencies were similar
between SFC and DRC in all of these trials except Zinn
et al. (1995), which reported a 14.2% lower BCP effi-
ciency for SFC compared with DRC. In our trial, steers
fed SFC had greater (P < 0.05) ruminal OM degradation
compared with DRC, but the bacterial N efficiency was
numerically 6% lower resulting in equal BCP flow from
the rumen. The lower ruminal pH values observed for
steers fed HMC and SFC (Figure 2) likely caused the
numerical reductions in bacterial N efficiency compared
with DRC (Strobel and Russell, 1986; NRC, 1996).

Ruminal ammonia concentrations (Figure 1) were
well above levels suggested to be necessary to maintain
maximum BCP production (5.0 mg/dL; Satter and
Slyter, 1974). Trends in ruminal ammonia concentra-
tion agree with the net effect of corn DIP, ruminal
starch digestibility, and BCP flow. The DRC and SFC
diets have approximately the same dietary DIP; how-
ever, ruminal ammonia is much lower for SFC due to
greater ruminal starch fermentation. Additionally,
even though BCP flow was greater for HMC compared
with SFC, ruminal ammonia concentrations were much
greater for HMC because of the greater concentration
of DIP in HMC compared with SFC.

Bacterial CP flow data allow us to predict relative
differences in dietary DIP requirement for DRC, HMC,
and SFC-based diets. Level 1 of the NRC (1996) model
suggests that dietary DIP requirements are equal to
BCP flow to the duodenum (g/d basis). This assumes
that at the point the DIP requirement is met, the loss
of ammonia from the rumen as a result of flowing to
the duodenum and absorption through the rumen wall
is equal to the amount of recycled N. Given this assump-
tion, dietary DIP requirements for steers consuming
DRC, HMC, and SFC-based diets would be 0.87, 1.13,

and 0.88 kg/d, respectively. Dividing by DM intake,
these values convert to DIP requirements of 6.9, 7.8,
and 7.0% of dietary DM for DRC, HMC, and SFC-based
diets, respectively. These DIP requirements cannot be
considered absolute because we used an assumed pu-
rine:N ratio to calculate BCP flow; however, they can
be used to determine relative differences among corn
processing methods. Therefore, based on BCP flow from
the rumen, our HMC-based diet required approxi-
mately 12% more dietary DIP than DRC or SFC-based
diets, which were similar.

Implications

Bacterial CP flow to the duodenum is related to rumi-
nal OM digestibility and, thus, is increased by corn
processing methods, which increase the rate and extent
of ruminal OM fermentation. Greater bacterial CP flow
for diets based on high-moisture corn suggests higher
dietary degradable intake protein requirements com-
pared with diets based on dry-rolled and steam-flaked
corn. Degradable intake protein deficiencies may de-
crease metabolizable protein supply to the animal and
energy yield from ruminal starch fermentation.
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