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Energy concentration and amino acid digestibility in corn
and corn coproducts from the wet-milling industry fed to growing pigs!
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ABSTRACT: Two experiments were conducted to
determine DE and ME and the apparent ileal digestibil-
ity (AID) and the standardized ileal digestibility (SID)
of CP and AA in corn and corn coproducts (high-fat corn
germ [HFCG], corn bran, liquid corn extractives [LCE],
and a mixture of corn germ meal and LCE [CGM-LCE])
fed to growing pigs. In Exp. 1, 40 growing barrows (ini-
tial BW: 33.4 + 5.77 kg) were housed individually in
metabolism cages and randomly allotted to 1 of 5 diets.
A corn-based diet (97.4% corn) and 4 diets that con-
tained both corn and each of the corn coproducts were
formulated. Each diet was fed to 8 pigs. Feces and urine
samples were collected using the marker to marker meth-
od with 5-d adaptation and 5-d collection periods. The
DE and ME were calculated using the difference proce-
dure. The concentrations of DE and ME in HFCG, corn
bran, LCE, and CGM-LCE were less (P < 0.05) than in
corn. Among corn coproducts, the concentration of DE
in HFCG was greater (P < 0.05) than in corn bran, but
the DE in corn bran was not different from DE values in
LCE and CGM-LCE. No differences were observed in
the ME concentrations among corn coproducts. In Exp.
2, 6 growing barrows (initial BW: 96.6 + 1.16 kg) with

a T-cannula in the distal ileum were randomly allotted to
a 6 x 6 Latin square design with 6 diets and 6 periods. A
N-free diet and 5 diets that contained corn, HFCG, corn
bran, LCE, or CGM-LCE as the sole source of CP and
AA were formulated. Each period lasted 7 d and ileal
digesta were collected on d 6 and 7 of each period. The
SID of CP and all indispensable AA was greater (P <
0.05) in corn than in all corn coproducts with the excep-
tion that the SID of Lys in corn was not different from
the SID of Lys in HFCG, and the SID of Trp in corn was
also not different from the SID of Trp in CGM-LCE.
Among corn coproducts, the SID of CP, Arg, and Lys
were greater (P <(.05) in HFCG and CGM-LCE than in
corn bran, the SID of Lys and Val was greater (P < 0.05)
in LCE than in corn bran, and the SID of Arg was greater
(P <0.05) in HFCG and CGM-LCE than in LCE, but for
the remaining indispensable AA, no differences among
corn coproducts were observed. In conclusion, the corn
coproducts used in these experiments contain less ME
and have reduced SID of most AA compared with corn,
but there are no differences in ME among corn coprod-
ucts and only few differences in the SID of indispensable
AA among HFCG, corn bran, LCE, and CGM-LCE.
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INTRODUCTION

Many coproducts from the corn processing indus-
try may be used in diets fed to pigs. Corn germ pro-
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duced from the dry grind industry contains 16 to 18%
ether extract (Widmer et al., 2007; NRC, 2012), but
corn germ produced from the wet milling industry
contains 30 to 40% ether extract, and is referred to as
high-fat corn germ (HFCG). The DE and ME of corn
germ from the dry grind industry have been reported
to be similar to values in corn, but the apparent ileal
digestibility (AID) and standardized ileal digestibility
(SID) of CP and AA in this ingredient are less than in
corn (Widmer et al., 2007; Anderson et al., 2012; NRC,
2012). However, the DE and ME and the AID and SID
of AA in HFCG have not been reported.
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Corn bran is the most fibrous component of the corn
kernel, and is often included in other corn coproducts,
but it can also be marketed as a separate feed ingredi-
ent. Values for DE and ME in corn bran were recently
reported (Anderson et al., 2012), but values for the AID
and SID of AA are not available.

Liquid corn extractives (LCE) is produced when the
soluble portion of the corn kernel is removed during the
steeping process (Archer Daniels Midland, 2008). Corn
germ meal is produced when corn germ is de-oiled, and
corn germ meal, therefore, has a relatively high concentra-
tion of fiber and a relatively low concentration of fat. The
DE and ME and the digestibility of AA in corn germ meal
have been reported (Almeida et al., 2011; Anderson et al.,
2012; Rojas et al., 2013). However, a new coproduct may
be produced if corn germ meal is mixed with LCE, be-
cause corn germ meal can absorb large quantities of LCE,
which will allow LCE to be utilized by pigs. There are,
however, limited data on the nutritional value of LCE and
the mixture of corn germ meal and LCE (CGM-LCE).
Therefore, the objectives of this work were to determine
the DE and ME and the AID and SID of CP and AA in
HFCG, corn bran, LCE, and CGM-LCE, and to compare
these values to those determined in corn.

MATERIALS AND METHODS

General

Two experiments were conducted, and the proto-
col for each experiment was reviewed and approved by
the Institutional Animal Care and Use Committee at the
University of Illinois. Both experiments were conducted
at the Swine Research Center at the University of Illinois
at Urbana-Champaign. Pigs used in both experiments
were the offspring of G-Performer boars and F-25 sows
(Genetiporc Inc., Alexandria, MN).

Yellow dent corn and 4 corn coproducts were used.
The 4 corn coproducts included: HFCG, corn bran,
LCE (60.84% DM), and CGM-LCE. Yellow dent corn
was sourced from the University of Illinois Feed Mill
(Champaign, IL) and the 4 corn coproducts were provid-
ed by Archer Daniels Midland Company (Decatur, IL).
The CGE-LCE was produced by mixing corn germ meal
and LCE in a 2:1 ratio on a DM basis and the mixture was
then dried. All 4 corn coproducts and corn were analyzed
in duplicate (Table 1) for DM (Method 927.05; AOAC
International, 2007) and CP (Method 990.03; AOAC
International, 2007). The concentration of GE was de-
termined using an adiabatic bomb calorimeter (Model
6300; Parr Instruments, Moline, IL). Acid hydrolyzed
ether extraction (AEE) was determined after acid hydro-
lysis using 3N HCI (Sanderson, 1986) followed by crude
fat extraction using petroleum ether (Method 2003.06,
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Table 1. Analyzed composition of ingredients (as fed-basis)

Ingredient!-2

Item Corn HFCG  Corn bran LCE CGM-LCE
DM, % 87.21 93.59 89.94 60.84 90.87
GE, kcal/kg 4,001 5,929 4,368 2,018 4,211
CP, % 6.84 17.00 9.85 24.43 25.13
AEEj3% 3.20 30.60 3.10 2.02 2.50
NDF, % 7.50 40.90 61.00 - 24.70
ADF, % 3.40 18.20 16.70 - 9.15
Starch, % 6291 11.90 16.20 24.00 16.00
Ca, % 0.02 0.03 0.07 0.07 0.02
P, % 0.25 0.70 0.14 2.76 1.57
Indispensable AA, %
Arg 0.37 1.26 0.40 1.02 1.51
His 0.21 0.49 0.34 0.85 0.75
Ile 0.27 0.63 0.34 0.61 0.83
Leu 0.90 1.30 1.13 1.25 1.68
Lys 0.26 0.73 0.30 0.71 0.89
Met 0.16 0.31 0.16 0.22 0.36
Phe 0.36 0.77 0.46 0.56 0.91
Thr 0.27 0.63 0.37 0.70 0.86
Trp 0.06 0.12 0.07 0.13 0.23
Val 0.36 1.04 0.48 1.07 1.33
Total 322 7.28 4.05 7.12 9.35
Dispensable AA, %
Ala 0.55 1.04 0.64 1.64 1.53
Asp 0.51 1.25 0.55 1.20 1.61
Cys 0.17 0.21 0.23 0.66 0.45
Glu 1.36 2.10 1.64 2.81 3.09
Gly 0.30 0.96 0.40 1.31 1.36
Pro 0.66 0.76 0.97 2.27 1.47
Ser 0.33 0.67 0.37 0.67 0.89
Tyr 0.24 0.49 0.33 0.58 0.68
Total 4.12 7.48 5.13 11.14 11.08

'HFCG = high-fat corn germ; LCE = liquid corn extractives; CGM-LCE =
a mixture of corn germ meal and liquid corn extractives.

2High-fat corn germ, corn bran, LCE, and CGM-LCE were provided by
Archer Daniels Midland Company, Decatur, IL.

3AEE = acid hydrolyzed ether extract.

AOAC Int., 2007) on a Soxtec 2050 automated analyzer
(FOSS North America, Eden Prairie, MN). Ingredients
were also analyzed for ADF (Method 973.18; AOAC
International, 2007), NDF (Holst, 1973), starch (Method
948.02; AOAC International, 2007), Ca and P (Method
985.01; AOAC International, 2007), and AA (Method
982.30 E [a, b, c]; AOAC International, 2007).

Experiment 1: Energy Measurements

Experiment 1 was conducted to determine DE and
ME in corn and in the 4 corn coproducts. A total of 40
barrows (Initial BW: 33.4 + 5.77 kg) were used in a ran-
domized complete block design with 2 groups of 20 pigs
and 5 diets. There were 4 replicate pigs per diet in each
group and a total of 8§ replicate pigs per diet. Pigs were
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Table 2. Ingredient composition of experimental diets
(as-fed basis), Exp. 1

Diet!2
Item Comn  HFCG Combran LCE CGM-LCE
Ingredient, %
Ground corn 9740 57.60  57.60 48.19  57.60
HFCG - 40.00 - - -
Corn bran - - 40.00 - —
LCE - - - 50.00 -
CGM-LCE - - - - 40.00
Ground limestone 1.10 1.00 1.00 0.75 1.00
Mono-calcium phosphate  0.80 0.70 0.70 0.53 0.70
Salt 0.40 0.40 0.40 0.30 0.40
Vitamin-mineral premix> 0.30 0.30 0.30 0.23 0.30
Analyzed composition
DM, % 84.70  88.01  86.57 67.07  87.09
GE, kcal/kg 3,876 4,626 3,984 2,947 3,960

'HFCG = high-fat corn germ; LCE = liquid corn extractives; CGM-LCE =
a mixture of corn germ meal and liquid corn extractives.

2High-fat corn germ, corn bran, LCE, and CGM-LCE were provided by
Archer Daniels Midland Company, Decatur, IL.

3The vitamin-mineral premix provided the following quantities of vita-
mins and micro minerals per kilogram of complete diet: vitamin A as reti-
nyl acetate, 11,128 IU; vitamin Dy as cholecalciferol, 2204 1U; vitamin E
as DL—o-tocopheryl acetate, 66 IU; vitamin K as menadione nicotinamide
bisulfite, 1.42 mg; thiamin as thiamine mononitrate, 0.24 mg; riboflavin, 6.58
mg; pyridoxine as pyridoxine hydrochloride, 0.24 mg; vitamin B ,, 0.03 mg;
D-pantothenic acid as D—calcium pantothenate, 23.5 mg; niacin as nicotin-
amide, 1.0 mg, and nicotinic acid, 43.0 mg; folic acid, 1.58 mg; biotin, 0.44
mg; Cu, 10 mg as copper sulfate; Fe, 125 mg as iron sulfate; I, 1.26 mg as
potassium iodate; Mn, 60 mg as manganese sulfate; Se, 0.3 mg as sodium
selenite; Zn, 100 mg as zinc oxide.

placed in metabolism cages equipped with a feeder and
a nipple drinker, fully slatted floors, a screen floor, and
urine trays that allowed for the total, but separate, col-
lection of urine and fecal materials from each pig.

A corn diet consisting of 97.40% corn and 2.6% vi-
tamins and minerals was formulated (Table 2). Four ad-
ditional diets were formulated by mixing corn with each
source of corn coproduct. The quantity of feed provided per
pig daily was calculated as 3 times the estimated require-
ment for maintenance energy (i.e., 106 kcal ME per kg0-7>;
NRC, 1998) for the smallest pig in each replicate and di-
vided into 2 equal meals. Water was available at all times.
The experimental diets were provided for 12 d. The initial
5 d was considered an adaptation period to the diet. Fecal
markers were fed on d 6 (chromic oxide) and ond 11 (ferric
oxide) and fecal collections were initiated when chromic
oxide appeared in the feces and ceased when ferric acid
appeared (Adeola, 2001). Feces were collected twice daily
and stored at -20°C immediately after collection. Urine
was also collected at the same time as fecal samples were
collected and urine collections started on d 6 at 1700 h and
ceased ond 11 at 1700 h. Urine buckets with a preservative
of 50 mL of 6N HCI were placed under the metabolism
cages to permit total collection. They were emptied in the
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morning and afternoon and a preservative of 50 mL of 6V
HCI was added to each bucket again when they had been
emptied. Fecal samples and 20% of the collected urine
were stored at -20°C immediately after collection. At the
conclusion of the experiment, urine samples were thawed
and mixed within animal, and a subsample was collected
for chemical analysis. Fecal samples were dried in a forced-
air drying oven and finely ground before analysis. Urine
samples were lyophilized before analysis as described by
Kim et al. (2009). Fecal, urine, and diet samples were ana-
lyzed in duplicate for GE as explained for the ingredients
and fecal and diet samples were also analyzed for DM.

Following chemical analysis, the apparent total tract
digestibility (ATTD) of GE was calculated for each diet.
The amount of energy lost in the feces and in the urine,
respectively, was determined, and the quantities of DE
and ME in each of the 5 diets were calculated (Baker and
Stein, 2009; Kim et al., 2009). The DE and ME in corn
were then calculated by dividing the DE and ME values
for the corn diet by the inclusion rate of corn in this diet
and these values were then used to calculate the contribu-
tion from corn to the DE and ME in the diets containing
each corn coproduct. The DE and ME in each corn co-
product were then calculated by difference as previously
explained (Baker and Stein, 2009; Kim et al., 2009).

Normality of data was verified and outliers were test-
ed using the UNIVARIATE procedure (SAS Inst. Inc.,
Cary, NC), but no outliers were identified. Data were
analyzed by ANOVA using the Proc MIXED procedure
of SAS (SAS Inst. Inc.) in a randomized complete block
design with pig as the experimental unit. The statistical
model included diet or ingredient as the fixed effect and
block as the random effect. Treatment means were cal-
culated using the LSMEANS statement and means were
separated using the PDIFF option of PROC MIXED.
Statistical significance and tendency were considered at
P <0.05 and 0.05 < P <0.10, respectively.

Experiment 2: Amino Acid Digestibility

Experiment 2 was conducted to determine the AID
and SID of CP and AA in corn and in teh 4 corn coprod-
ucts. Six growing barrows (96.6 & 1.16 kg of initial BW)
were randomly allotted to a 6 x 6 Latin square design
with 6 diets and six 7-d periods in each square. Pigs were
surgically equipped with a T-cannula in the distal ileum
when they were approximately 25 kg using procedures
adapted from Stein et al. (1998), and all pigs had been
used in a previous experiment before being fed a con-
ventional grower diet for 2 wk and then being allotted
to diets in the present experiment. Pigs were housed in
individual pens (1.2 x 1.5 m) with tri-bar floors in an
environmentally controlled room. A feeder and a nipple
drinker were installed in each pen.
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Table 3. Ingredient composition of experimental diets (as-fed basis), Exp. 2

Diet!2
Item Corn HFCG Corn bran LCE CGM-LCE N-free
Ground corn 97.00 - - 47.89 - -
HFCG - 40.00 - - - -
Corn bran - - 40.00 - -
LCE - - - 50.00 - -
CGM-LCE - - - - 40.00 -
Cornstarch — 43.20 43.20 - 43.20 67.85
Soybean oil - 3.60 3.60 - 3.60 4.00
Sucrose - 10.00 10.00 - 10.00 20.00
Solka floc? - - - - - 4.00
Ground limestone 1.10 1.00 1.00 0.75 1.00 0.85
Monocalcium phosphate 0.80 1.10 1.10 0.53 1.10 1.70
Magnesium oxide - - - - - 0.10
Potassium carbonate - - - - - 0.40
Chromic oxide 0.40 0.40 0.40 0.30 0.40 0.40
Salt 0.40 0.40 0.40 0.30 0.40 0.40
Vitamin-mineral premix? 0.30 0.30 0.30 0.23 0.30 0.30

THFCG = high-fat corn germ; LCE = liquid corn extractives; CGM-LCE = a mixture of corn germ meal and liquid corn extractives.

2High-fat corn germ, corn bran, LCE, and CGM-LCE were provided by Archer Daniels Midland Company, Decatur, IL.

3Fiber Sales and Development Corp., Urbana, OH.

4The vitamin-mineral premix provided the following quantities of vitamins and micro minerals per kilogram of complete diet: vitamin A as retinyl acetate,
11,128 1U; vitamin D5 as cholecalciferol, 2204 1U; vitamin E as DL-a-tocopheryl acetate, 66 IU; vitamin K as menadione nicotinamide bisulfite, 1.42 mg;
thiamin as thiamine mononitrate, 0.24 mg; riboflavin, 6.58 mg; pyridoxine as pyridoxine hydrochloride, 0.24 mg; vitamin B,,, 0.03 mg; D-pantothenic acid
as D—calcium pantothenate, 23.5 mg; niacin as nicotinamide, 1.0 mg, and nicotinic acid, 43.0 mg; folic acid, 1.58 mg; biotin, 0.44 mg; Cu, 10 mg as copper
sulfate; Fe, 125 mg as iron sulfate; I, 1.26 mg as potassium iodate; Mn, 60 mg as manganese sulfate; Se, 0.3 mg as sodium selenite; Zn, 100 mg as zinc oxide.

Six diets were prepared (Tables 3 and 4). One diet was
based on corn (97%), and 3 diets contained 40% HFCG,
corn bran, or CGM-LCE and starch, sugar, and soybean oil.
Corn, HFCG, corn bran, or CGM-LCE was the sole source
of AA in these 4 diets. One diet was formulated with corn
and 50% LCE on an as-fed basis. The last diet was a N-free
diet that was used to calculate basal endogenous losses of
AA and CP. Solka floc was included in the N-free diet (4%)
to increase the concentration of crude fiber, and potassium
carbonate and magnesium oxide were added to the N-free
diet to meet the requirements for K and Mg. Vitamins and
minerals were included in all diets to meet or exceed re-
quirement estimates (NRC, 1998). All diets also contained
0.4% chromic oxide as an indigestible marker. Pigs were
fed at a daily level of 3 times the maintenance require-
ment for energy (i.e., 106 kcal ME per kg®73; NRC, 1998).
Water was available at all times during the experiment. Pig
weights were recorded at the beginning of each period and
the amount of feed supplied each day was also recorded.

The initial 5 d of each period was considered an ad-
aptation period to the diet. Ileal digesta were collected
for § hon d 6 and 7 as described by Stein et al. (1999). In
short, cannulas were opened, a plastic bag was attached to
the cannula barrel, and digesta flowing into the bag were
collected. Bags were removed whenever they were filled
with digesta, or at least once every 30 min, and immedi-
ately frozen at -20°C to prevent bacterial degradation of

the AA in the digesta. At the conclusion of the experiment,
ileal samples were thawed, mixed within animal and diet,
and a subsample was collected for chemical analysis. A
sample of each diet and of corn and of each of the corn
coproducts was collected as well. Digesta samples were
lyophilized and finely ground before chemical analysis.
Digesta and diet samples were analyzed in duplicate for
Cr (Method 990.08; AOAC International, 2007), and
these samples were also analyzed for DM, CP, and AA as
explained for the ingredients.

The AID values for CP and AA in samples obtained
from feeding corn or the 3 diets containing corn coprod-
ucts were calculated (Stein et al., 2007). Because corn,
corn bran, HFCG, or CGM-LCE were the only feed in-
gredients contributing CP and AA to each of these diets,
the AID values calculated for the diets also represent the
digestibility values for each of these ingredients. Values
for the AID of CP and AA in the diet containing corn and
LCE were also calculated. The daily intake of AA was
calculated as well, and the contribution of digestible AA
from corn was then subtracted from the total amount of
digestible AA in the diet to calculate the digestibility of
AA in LCE using the difference procedure (Mosenthin et
al., 2007). The basal endogenous losses of CP and each
AA were determined based on the flow to the distal ileum
obtained after feeding the N-free diet, and SID values for
each diet were calculated by correcting the AID of CP
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and each AA for the basal endogenous losses (Stein et al.,
2007). Values for the SID of CP and AA in LCE were cal-
culated using the difference procedure as described for
AID values. For all calculations, analyzed values for Cr
and AA in each diet and in ileal digesta were used. Data
were analyzed as explained for Exp. 1, except that the
statistical model included diet or ingredient as the fixed
effect and pig and period as the random effect.

RESULTS

Experiment 1: Energy Measurements

Total feed intake was not different among diets, ex-
cept that pigs fed the diet containing LCE consumed
more feed than pigs fed the other diets (P < 0.05;
Table 5), primarily due to the lower DM concentration in
this diet. However, DM intake was not different among
diets. Compared with the corn, LCE, or CGM-LCE diets,
pigs fed the corn bran or HFCG diet had less (P < 0.05)
ATTD of GE. Pigs fed the corn diet had the greatest (P <
0.05) ATTD of GE and pigs fed the HFCG diet had the
least (P < 0.05) ATTD of GE, compared with pigs fed
the other diets. Diets containing corn, HFCG, or CGM-
LCE contained more (P < 0.05) DE than diets containing
corn bran or LCE, and the corn bran diet contained more
(P < 0.05) DE than the LCE diet. Values for ME were
greater (P < 0.05) in the corn diet than in corn bran, LCE,
or CGM-LCE diets. The diet containing HFCG also had
greater (P < 0.05) ME than the diet containing LCE.

On an as-fed basis, the DE in corn, HFCG, and CGM-
LCE were greater (P < 0.05) than in corn bran and LCE,
and the DE in corn bran was greater (P < 0.05) than in
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Table 4. Analyzed composition of experimental diets (as
fed-basis), Exp. 2

Diet!2
Item Comn HFCG Combran LCE CGM-LCE N-free
DM, % 86.48 92.59 90.99 67.92 91.90 9243
CP, % 6.35 7.63 4.85 10.47 10.32 0.19
Indispensable AA, %
Arg 0.40 0.52 0.18 0.50 0.63 0.01
His 0.21 0.20 0.15 0.36 0.29 0.00
Ile 0.27 0.27 0.17 0.32 0.33 0.03
Leu 0.83 0.55 0.53 0.80 0.71 0.04
Lys 0.29 0.32 0.15 0.35 0.35 0.03
Met 0.16 0.11 0.08 0.15 0.14 0.00
Phe 0.35 0.32 0.21 0.34 0.37 0.01
Thr 0.26 0.27 0.17 0.35 0.38 0.02
Trp 0.06 0.10 0.05 0.09 0.14 0.05
Val 0.36 0.42 0.22 0.50 0.52 0.01
Total 3.19 3.08 1.91 3.76 3.86 0.20
Dispensable AA, %
Ala 0.52 0.44 0.29 0.76 0.65 0.02
Asp 0.52 0.53 0.26 0.62 0.69 0.02
Cys 0.16 0.09 0.11 0.28 0.18 0.01
Glu 1.28 0.94 0.76 1.49 1.40 0.03
Gly 0.31 0.40 0.18 0.55 0.57 0.02
Pro 0.68 0.42 0.49 1.03 0.70 0.10
Ser 0.30 0.30 0.17 0.38 0.41 0.01
Tyr 0.28 0.22 0.17 041 0.29 -
Total 4.05 3.34 243 5.52 4.89 0.21

'HFCG = high-fat corn germ; LCE = liquid corn extractives; CGM-LCE =
a mixture of corn germ meal and liquid corn extractives.

2High-fat corn germ, corn bran, LCE, and CGM-LCE were provided by
Archer Daniels Midland Company, Decatur, IL.

Table 5. Energy digestibility and concentrations of DE and ME in diets containing corn, high-fat corn germ, corn
bran, liquid corn extractives, and a mixture of corn germ meal and corn extractives, (as-fed basis),!2 Exp. 1

Diet3+#
Item Corn HFCG Corn bran LCE CGM-LCE SEM P-value
Total feed intake, kg/5 d 5.512 5392 5.492 7.28b 5.892 0.23 <0.05
GE intake, kcal/5 d 21,3672 24,919b 21,876 21,447 23,3112b 908 <0.05
Dry feces output, kg/5 d 0.5612 1.1114 0.957¢d 0.736 0.877b¢ 0.061  <0.05
GE in dry feces, kcal/kg 4,7892 6,147¢ 4,776 4,096° 4,471b 36 <0.05
Fecal GE output, kcal/5 d 2,685% 6,8384 4,564¢ 3,0254b 3,920b¢ 334 <0.05
ATTD,> GE % 87.362 72.674 79.20° 85.602b 83.29b 1.01 <0.05
DE in diet, kcal/kg 3,386% 3,3628 3,155P 2,523¢ 3,2994 42 <0.05
Urine output, kg/5 d 19.90 24.58 18.33 16.23 2476 7.21 0.915
GE in urine, kcal/kg 39.75 100.79 71.53 84.72 109.19 29.22 0.490
Urinary GE output, kcal/5 d 5412 942ab 5782 1,010° 978ab 187 0.256
ME in diet, kcal/kg 3,2882 3,1942b 3,0520 2,381¢ 3,134b 61 <0.05

a-dWwithin a row, means without a common superscript are different (P < 0.05).

Each least squares mean represents 8 observations.

2Total feed intake, GE intake, dry feces output, fecal GE output, urine output, and urine GE output were based on 5 d of collection.

3HFCG = high-fat corn germ; LCE = liquid corn extractives; CGM-LCE = a mixture of corn germ meal and liquid corn extractives.
4High-fat corn germ, corn bran, LCE, and CGM-LCE were provided by Archer Daniels Midland Company, Decatur, IL.

SATTD = apparent total tract digestibility.
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Table 6. Concentrations of DE and ME in corn, high-fat corn germ, corn bran, liquid corn extractives, and a mixture

of corn germ meal and corn extractives fed to pigs,! Exp. 1

Ingredient?>

Item Corn HFCG Corn bran LCE CGM-LCE SEM P-value
As-fed basis

DE, kcal/kg 3476 3,3974 2,881P 1,695¢ 3,241% 98 <0.05

ME, kcal/kg 33762 3,1232b 2,768° 1,508¢ 2,973b 145 <0.05
DM basis

DE, keal/kg 3,9862 3,631° 3,204° 3,485b° 3,567%° 115 <0.05

ME, keal/kg 3,8712 3,336 3,077 3,1020 3,272b 168 <0.05

4-°Within a row, means without a common superscript are different (P < 0.05).

Each least squares mean represents 8 observations.

2HFCG = high-fat corn germ; LCE = liquid corn extractives; CGM-LCE = a mixture of corn germ meal and liquid corn extractives.

3High-fat corn germ, corn bran, LCE, and CGM-LCE were provided by Archer Daniels Midland Company, Decatur, IL.

LCE (Table 6). The ME in corn was also greater (P <
0.05) than in corn bran, LCE, and CGM-LCE, and the
ME in corn bran, HFCG, and CGM-LCE were greater
(P <0.05) than in LCE. On a DM-basis, the DE and ME
in corn were greater (P < (0.05) than in all corn coproducts.
The DE in HFCG was also greater (P < 0.05) than in corn
bran, but no differences were observed for the ME among
the corn coproducts if calculated on a DM basis.

Experiment 2: Amino Acid Digestibility

The AID of CP in HFCG, LCE, and CGM-LCE was
greater (P < 0.05) than in corn bran (Table 7). The AID of all
AA was not different among HFCG, LCE, and CGM-LCE,
except for Arg, Ala, Glu, and Pro. The AID of all AA in corn
bran was least (P < 0.05) among all corn coproducts, except
for the AID of His, Leu, Met, Cys, and Glu. The mean AID
of both indispensable and dispensable AA in corn bran was
less (P < 0.05) than in corn and the other corn coproducts.
The AID of CP was greater (P < 0.05) in corn than in comn
bran, HFCG, and CGM-LCE, and the AID for all AA was
greater in corn (P < 0.05) than in all corn coproducts, except
for Arg, Lys, Thr, Trp, Val, Ala, Gly, Pro, and Tyr.

The SID of CP in HFCG and CGM-LCE was greater
(P <0.05) than in corn bran, but not different from the SID
of CP in LCE (Table 8). No differences were observed in
the SID of most indispensable AA among corn coprod-
ucts, except that corn bran had less (P < 0.05) SID for Arg
and Lys than HFCG, less (P < 0.05) SID for Lys and Val
than LCE, and less (P < 0.05) SID for Arg, Lys, Thr, and
Val than CGM-LCE. For dispensable AA, corn bran had
the least (P < 0.05) SID for Ala, Gly, and Pro, whereas
LCE had the least (P < 0.05) SID for Asp, Cys, and Glu
among corn coproducts. No difference was observed in
the SID of all AA between HFCG and CGM-LCE. The
mean SID for both indispensable and dispensable AA in
corn bran was less (P < 0.05) than for corn and the other
corn coproducts. However, the SID for CP was greater
(P <0.05) in corn than in corn coproducts, and the SID for

all AA except Lys, Trp, Gly, Pro, and Tyr was greater (P <
0.05) in corn than in all corn coproducts.

DISCUSSION

Composition of Ingredients

Ground corn can be fed directly to animals but may
also be used to produce industrial or food products, such
as ethanol, corn oil, and corn gluten, etc. However, only
a part of the corn kernel is used in the production of the
industrial and food products, and the remaining part may
be used for feed. As a consequence, a number of coprod-
ucts are available to the feed industry and many of these
products are included in diets fed to pigs. The composi-
tion of corn coproducts depends on the processing that
was used to generate the primary products (NRC, 2012).
The nutritional value of many corn coproducts have been
recently reported (Almeida et al., 2011; Anderson et al.,
2012; Rojas et al., 2013). However, concentrations of
DE and ME have not been reported for LCE and CGM-
LCE and the AID and SID of AA have not been reported
for HFCG, corn bran, LCE, and CGM-LCE.

Concentrations of GE, CP, AEE, starch, Ca, P, and all
AA that were observed in the corn used in this experiment
are in agreement with the values reported by NRC (2012).
The HFCG used in this experiment was produced from
the wet milling industry, and contained more ether extract
and GE, but less starch, than corn germ produced from
the dry grind industry (Widmer et al., 2007; NRC, 2012).
Concentrations of ADF, NDF, and all AA except Lys were
greater than in the corn germ used by Anderson et al. (2012).

The corn bran used in this experiment had concen-
trations of CP and most AA that are in agreement with
values reported by NRC (2012), but less than the values
reported by Anderson et al. (2012). The concentrations
of NDF and ADF of corn bran were greater, but the con-
centration of ether extract was less than recently report-
ed values (Anderson et al., 2012; NRC, 2012).
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Table 7. Apparent ileal digestibility (%) of CP and
AA in corn, high-fat corn germ, corn bran, liquid corn
extractives, and a mixture of corn germ meal and corn
extractives fed to pigs,! Exp. 2
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Table 8. Standardized ileal digestibility (%) of CP and
AA in corn, high-fat corn germ, corn bran, liquid corn
extractives, and a mixture of corn germ meal and corn
extractives fed to pigs,! Exp. 2

Ingredient?> Ingredient?>
Ttem Corn HFCG Cornbran LCE CGM-LCE SEM P-value Ttem Corn HFCG Cornbran LCE CGM-LCE SEM  P-value
CP 63.60 3880 8.1° 438>  453b 6.73 <0.05 CP 8342 56.5P  354° 51.3bc  58.5b 6.73 <0.05
Indispensable AA Indispensable AA
Arg  83.020 7422 380>  69.8> 7822 6.03 <0.05 Arg 9168 813>  70.4° 74.6°  84.0° 293  <0.05
His 8522 663> 654>  67.7°  69.3P 296 <0.05 His 9072 746>  73.4b 69.7°  73.3b 3.07 <0.05
Tle 7942 574 46.1° 616>  64.1b 513 <0.05 Tle 88.02  66.7°  60.6° 66.7°  71.6° 513 <0.05
Leu 87.92 638> 703> 671>  719° 3.87 <0.05 Leu 9232 709> 77.5b 7040 77.3b 3.87 <0.05
Lys 567 4280  324° 354> 3912 666 <0.05 Lys 7272 584%  q.1° 446> 5302b 6.66 <0.05
Met  88.028 619> 6560 615 714b 400 <0.05 Met 9172 67.7°  73.5b 645> 76.0° 400 <0.05
Phe 8422  685bc  57.9¢ 66.6>¢  72.1b 424 <0.05 Phe 9022 706>  68.5b 7110 7810 424 <0.05
Thr 7152 483>  23.0° 451> 5472 631 <0.05 Thr  87.08 64.3%  48.0° 526" 66.0° 631 <0.05
Trp 748 69.12 546 7212 7342 426 <0.05 Trp  88.02 77.5  71.2b 7730 79.4%0 426  0.043
Val 7722 5700 37.3° 6422 630b 481 <0.05 Val 87.60 665> 552° 693> 70.7° 481 <0.05
Mean 79.08  60.7°  42.8° 61.1>  65.7b 3.96 <0.05 Mean 8822 69.8  58.9° 66.10¢ 73,00 396 <0.05
Dispensable AA Dispensable AA
Ala  79.8 522 3099  669% 639 488 <0.05 Ala 886 63.3b 475° 70.8>  71.40 488 <0.05
Asp 768  483b  230° 36.7°¢  46.8b 6.17 <0.05 Asp  874% 594b  452bc  4pge  553be 6.17 <0.05
Cys  80.12  434b 524> 3950 487b 6.71 <0.05 Cys 876 57.5% 63.8b 4220 557be 6.71 <0.05
Glu  859* 648> 640  509°  68.9b 407 <0.05 Glu 9132 727°  73.6b 54.1°  74.1° 3.05 <0.05
Gly  426* 3122 9720 288 2722 1245 <0.05 Gly 8322 64.9% .236° 435> 5067 1245 <0.05
Pro 2322 944> 1138 3162 21.62> 3943 <0.05 Pro  87.8 17.6% -19.5b 59.6°0 4512 3943 0.074
Ser  78.0° 574>  378° 50.9b¢  60.0b 486 <0.05 Ser  89.5% 69.6®  59.0° 568> 68.9° 486 <0.05
Tyr  834%  60.0bc 5520 7258 7072b 488 <0.05 Tyr 9022 693> 66.9b 7620 77.7%0 488 <0.05
Mean 68.12  32.9P 59  472b 4560 6.85 <0.05 Mean 87.62 59.3  38.5° 5570 6240 6.85 <0.05
Total AA  74.12  483P  264° 549> 56.8b 437 <0.05 Total AA  87.92 65.1°  49.8° 615> 6820 437 <0.05

4-CWithin a row, means without a common superscript are different (P < 0.05).

IEach least squares mean represents 6 observations.

2HFCG = high-fat corn germ; LCE = liquid corn extractives; CGM-LCE =
a mixture of corn germ meal and liquid corn extractives.

3High-fat corn germ, corn bran, LCE, and CGM-LCE were provided by
Archer Daniels Midland Company, Decatur, IL.

Liquid corn extractives are obtained by the partial
removal of water from the liquid that results from steep-
ing corn in a water- and sulphur dioxide solution in the
wet milling process. Liquid corn extractives are thick,
viscous liquid materials that contain approximately 60%
DM and 25% CP (Archer Daniels Midland, 2008). Corn
germ meal is produced when corn germ is de-oiled, and
the product has a relatively high concentration of fiber,
which results in corn germ meal being able to absorb
relatively large quantities of liquid material. Therefore,
LCE may be added to corn germ meal, which results in a
product containing much less fiber than corn germ meal.
We are not aware of any other published values for the
nutrient composition of LCE or the CGM-LCE mixture.

Experiment 1: Energy Measurements

The ATTD of GE and the concentrations of DE and
ME in corn obtained in this experiment concur with val-

4-CWithin a row, means without a common superscript are different (P < 0.05).

Each least squares mean represents 6 observations. Values for standard-
ized ileal digestibility were calculated by correcting apparent ileal digestibil-
ity values for basal endogenous losses (g/kg of DMI), which were determined
by feeding pigs a N-free diet: CP, 14.54; Arg, 0.40; His, 0.12; Ile, 0.27; Leu,
0.42; Lys, 0.54; Met, 0.07; Phe, 0.24; Thr, 0.47; Trp, 0.09; Val, 0.43; Ala,
0.53; Asp, 0.64; Cys, 0.14; Glu, 0.80; Gly, 1.46; Pro, 5.08; and Ser, 0.40.

2HFCG = high-fat corn germ; LCE = liquid corn extractives; CGM-LCE =
a mixture of corn germ meal and liquid corn extractives.

3High-fat corn germ, corn bran, LCE, and CGM-LCE were provided by
Archer Daniels Midland Company, Decatur, IL.

ues published by Widmer et al. (2007), Anderson et al.
(2012), and NRC (2012). Despite the greater concentra-
tion of fat in the HFCG used in this experiment, the con-
centration of DE and ME in this ingredient was less than
values in the corn germ reported by Widmer et al. (2007)
and Anderson et al. (2012) who used corn germ from the
dry grind industry. The increased concentration of ADF
and NDF in the HFCG compared with the corn germ pro-
duced from the dry grind industry was likely the reason
for the reduced concentration of DE and ME determined
in this experiment. Also, the true ileal digestibility of lip-
ids in corn germ is only 50% (Kim et al., 2013), which
contributes to a relatively low ATTD of GE in HFCG.
The DE and ME values for corn bran obtained in this
experiment were less than reported values (Anderson etal.,



4564

2012; NRC, 2012), which likely is a result of a relatively
high concentration of fiber and a relatively low concentra-
tion of ether extract in corn bran used in this experiment.
A slightly greater concentration of GE and the reduced
ATTD of GE, DE, and ME in corn bran compared with
corn was also reported by Anderson et al. (2012). This
observation is likely due to the high concentration of ADF
and NDF in corn bran, which reduces the digestibility of
GE and, therefore, decreases the DE and ME compared
with the values in corn (Wilfart et al., 2007).

Surprisingly, the DE and ME values in LCE were
less than in corn when calculated on a DM basis. Liquid
corn extractives consist primarily of starch, CP, and or-
ganic acids. Reasons for the decreased digestibility of
GE in LCE compared with corn were not evident be-
cause these nutrients are usually well digested by pigs.
However, the starch in LCE is primarily resistant starch,
which has a reduced digestibility compared with nonre-
sistant starch (Bird et al., 2007), but resistant starch was
not quantified in the LCE used in this experiment. We
are not aware of other data for DE and ME in LCE. A
second possibility is that the evaporative heating used to
increase the DM in LCE caused formation of a resistant
protein and starch complex, which reduced ATTD of GE
and subsequently reduced DE and ME.

The concentration of DE and ME in CGM-LCE are in
close agreement with values for corn germ meal reported
by Anderson et al. (2012), but greater than the values in
corn germ meal reported by NRC (2012) and by Rojas
et al. (2013). We are not aware of other experiments in
which DE and ME have been determined for CGM-LCE.

Experiment 2: Amino Acid Digestibility

The AID and SID for CP and most AA in corn agree
with values from NRC (2012), but are greater than val-
ues reported by Almeida et al. (2011). The difference is
likely due to differences among different hybrids of corn
grain or seasonal variations.

The AID and SID for CP and all AA in the HFCG
used in this experiment are in agreement with the values
reported by Muley et al. (2007) and Widmer et al. (2007).
However, the low AID and SID for CP and AA in HFCG
compared with corn indicates that the protein in the germ
fraction may be of poor quality. The high concentration of
ADF and NDF in HFCG may also contribute to the low
AID and SID for CP and AA in HFCG because fiber in
feed ingredients increases the specific endogenous losses
of AA by increasing intestinal cell sloughing and mucin
synthesis (Nyachoti et al., 1997; Stein et al., 2007). The
specific endogenous losses are not included in the frac-
tion quantified by the N-free diet because the N-free diet
determines only the basal endogenous losses and only
basal endogenous losses are included in the calculations
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for SID values (Stein et al., 2007; NRC, 2012). Increased
specific endogenous losses, therefore, will be accounted
against values for AID and SID, which most likely is the
main reason for the relatively low values for AID and SID
that were determined in this experiment for HFGC.

The AID and SID for CP and AA in corn bran were
less than the values reported by NRC (2012). The
most likely reason for this observation is that the corn
bran used in this experiment contains almost twice as
much ADF and NDF compared with corn bran reported
by NRC (2012). Greater concentrations of ADF and
NDF have a depressive effect on values for AID of AA
(Mosenthin et al., 1994; Schultze et al., 1994; Lenis
et al., 1996; Nyachoti et al., 1997). As explained for
HFGC, high concentrations of fiber in feed ingredients
also reduce calculated values for SID because the spe-
cific endogenous losses induced by dietary fiber are not
included in the calculations of SID values. The very low
AID and SID for Lys in corn bran may also have been a
result of excess heating and subsequent Maillard reac-
tions, which negatively affects Lys digestibility (Pahm
et al., 2008; Gonzalez-Vega et al., 2011). The relatively
high concentration of fiber and the low digestibility of
AA in corn bran indicate that corn bran may not be suit-
able for high-level inclusion in diets for growing pigs,
whereas inclusion in diets for sows may be possible.

To our knowledge, this is the first time AID and SID
values for CP and AA have been reported in LCE, but
the relatively low SID of most AA in LCE indicates
that the source of protein in LCE has a reduced digest-
ibility compared with intact corn protein. The AID and
SID values for AA in CGM-LCE are relatively close to
values in corn germ meal (Almeida et al., 2011; NRC,
2012), and not different from values in LCE.

Conclusions

All corn coproducts used in the present experiments
have a reduced digestibility of energy and AA compared
with corn. However, HFCG, LCE, and CGM-LCE can
likely be used in swine diets because these ingredients
contain more CP than corn. Combining corn coproducts
to form feed mixtures may improve handling charac-
teristics and result in complementary nutrient profiles,
thereby enhancing the potential nutritional value of the
mixture. Corn bran has the least digestibility of energy
and AA compared with HFCG, LCE, and CGM-LCE,
and corn bran is a poor source of digestible energy and
AA when compared with corn and other corn coproducts.
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