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Nutrient composition and digestibility of energy and nutrients in wheat middlings 
and red dog fed to growing pigs1
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ABSTRACT: This experiment was designed to 
determine nutrient composition and apparent 
total tract digestibility (ATTD) of GE, DM, OM, 
and NDF and the concentration of DE and ME 
in 10 sources of wheat middlings and in 1 source 
of red dog that were obtained from different flour 
mills in the United States. Twelve growing pigs 
(initial BW: 31.0 ± 1.0 kg) were randomly allotted 
to a 12 × 8 Youden square design with 12 dietary 
treatments and eight 14 d periods. Pigs were indi-
vidually housed in metabolism crates for total col-
lection of feces and urine. A basal diet based on 
corn and soybean meal, and 11 diets containing 
corn, soybean meal, and 39.4% of one of the 10 
sources of wheat middlings or of red dog were for-
mulated. The ATTD of GE, DM, OM, and NDF 
in all diets was calculated using the direct proce-
dure, and the ATTD of GE, DM, OM, and NDF 
in each source of wheat middlings or red dog was 
calculated by difference. Values for DE and ME 
were calculated as well. The average concentra-
tion of CP was 17.67% in wheat midlings and 

17.0% in red dog, and the concentration of acid 
hydrolyzed ether extract (AEE) and total dietary 
fiber (TDF) was 2.44 and 13.90% in red dog, but 
4.07 and 36.45% in wheat middlings. Red dog also 
contained more starch (42.98%) than wheat mid-
dlings (20.28%). Red dog had greater bulk dens-
ity (498.5 g/L) and smaller particle size (146 µm) 
compared with wheat middlings (315.1  g/L and 
783 µm). The average ATTD of GE, DM, OM, and 
NDF in wheat middlings (67.2%, 71.2%, 72.9%, 
and 53.0%, respectively) was less (P < 0.05) than 
in red dog (79.35%, 82.9%, 86.6%, and 58.7%, 
respectively). The average concentrations of DE 
and ME in wheat middlings were 2,990 and 2,893 
kcal/kg DM, and these values were less (P < 0.05) 
than the DE and ME in red dog (3,408 and 3,292 
kcal/kg DM). In conclusion, wheat middlings con-
tains more fiber and less starch than red dog and 
the ATTD of GE and nutrients is greater in red 
dog than in wheat middlings. As a consequence, 
concentrations of DE and ME are greater in red 
dog than in wheat middlings.
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INTRODUCTION

Cereal coproducts are important sources of 
energy for pigs and inclusion of cereal coproducts 

in diets for pigs has increased in the last decade, 
but a major concern of using cereal coproducts in 
diets for pigs is batch-to-batch variation in nutri-
ent composition (Zijlstra and Beltranena, 2013). 
These differences are a consequence of certain frac-
tions of the grain kernel being concentrated in the 
coproduct, and differences in processing procedures 
also contribute to differences among coproducts. 
In wheat milling, approximately 25% of the grain 
remains as coproducts, which are available for 
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animal feeding (Blasi et al., 1998; Bond and Liefert, 
2017), and among wheat coproducts, wheat mid-
dlings is the most common ingredient used in animal 
feeding (Blasi et al., 1998). Red dog, which is a mix of 
fractions of fiber and endosperm from wheat grain, is 
also produced in some wheat mills (Blasi et al., 1998). 
The composition and nutritional value of wheat mid-
dlings and red dog depend on the proportion of bran, 
germ, and flour that is included in the final product, 
the characteristics of the original wheat grain, and 
the milling process (Cromwell et  al., 2000; Huang 
et al., 2012; Rosenfelder et al., 2013). Chemical com-
position and energy values of wheat coproducts from 
some countries have been determined, (Nyachoti 
et al., 2005; Huang et al., 2012), but there is limited 
information about the quality of wheat coproducts 
from the United States. Wheat and wheat coprod-
ucts have greater concentration of nonstarch poly-
saccharides (NSP) compared with other grains and 
coproducts commonly used in diets for pigs, which 
may negatively affect nutrient and energy digest-
ibility (Bach Knudsen, 1997; Slominski et al., 2004; 
Nortey et al., 2008; Jaworski et al., 2015). Therefore, 
the objective of this experiment was to determine the 
composition and the apparent total tract digestibility 
(ATTD) of GE, DM, OM, and NDF and the con-
centration of DE and ME in 10 sources of wheat 
middlings and 1 source of red dog that were obtained 
from different flour mills in the United States.

MATERIALS AND METHODS

The protocol for this experiment was reviewed 
and approved by the Institutional Animal Care and 
Use Committee at the University of Illinois. The 
red dog that was used in the experiment was pro-
duced in IA, and the 10 sources of wheat middlings 
were produced in CO, IA, IL, KS, MI, MN, OH, 
and PA (Table 1). Digestibility of CP and AA in the 
same batches of these ingredients was determined 
in a separate experiment (Casas and Stein, 2017).

Animals and Housing

Twelve growing pigs that were the offspring of 
Line 359 boars mated to Camborough sows (Pig 
Improvement Company, Hendersonville, TN) with 
an average initial BW of 31.0  ±  1.0  kg were ran-
domly allotted to a 12 × 8 Youden square design 
with 12 dietary treatments and eight 14 d periods. 
Pigs were individually housed in metabolism crates 
that were equipped with a feeder, a nipple drinker, 
a fully slatted floor, a screen floor, and a urine tray, 
which allowed for total collection of feces and urine.

Diets and Feeding

A basal diet based corn and soybean meal was 
formulated. Ten additional diets containing corn, 
soybean meal, and one of the 10 sources of wheat 
middlings and one diet containing corn, soybean 
meal, and red dog were also formulated (Tables 
2 and 3). Each source of wheat middlings or red 
dog was included at 39.40% in the diets. Wheat 
middlings or red dog and corn and soybean meal 
were the only sources of energy in the diets, and 
the ratio between corn and soybean meal was 
constant among all diets. Vitamins and minerals 
were included in concentrations that exceeded the 
requirements for growing pigs (NRC, 2012). Feed 
was provided at a daily level of 3 times the mainten-
ance energy requirement (i.e., 197 kcal/kg BW0.60; 
NRC, 2012), and pigs were fed equal amounts of 
feed twice daily at 0700 and 1600  h. Water was 
available at all times throughout the experiment.

Sample Collection

Pig weights were recorded at the beginning of 
the experiment and at the end of each period. The 
initial 7 d of each period was considered the adap-
tation period to the diet. Fecal markers were fed in 
the morning meals on day 8 (chromic oxide) and 
day 13 (ferric oxide), and fecal collection was initi-
ated when chromic oxide appeared in the feces and 
ceased when ferric oxide appeared (Adeola, 2001). 
Feces were collected twice daily and stored at −20 ºC 
as soon as collected. Urine collection started on day 
8 at 1700 h and ceased on day 13 at 1700 h. Urine 
was collected in buckets placed under the metabo-
lism crates that contained a preservative of 50 mL 
of 6 N HCl. Buckets were emptied daily, weights of 
the collected urine were recorded, and 20% of the 
collected urine was stored at −20 ºC. At the conclu-
sion of the experiment, urine samples were thawed 
and mixed within animal and diet and subsamples 
were collected and lyophilized (Kim et  al., 2009). 
Fecal samples were dried at 65  ºC in a forced air 
oven and ground through a 1 mm screen in a Willey 
mill (Model 4; Thomas Scientific, Swedesboro, NJ).

Chemical Analyses

Ingredients, diets, fecal samples, and urines 
samples were analyzed in duplicate for GE using 
an isoperibol bomb calorimeter (Model 6300, Parr 
Instruments, Moline, IL) with benzoic acid as the 
standard for calibration. Ingredients, diets, and 
fecal samples were analyzed in duplicate for DM 
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(method 930.05; AOAC Int., 2007), ash (method 
942.05, AOAC Int., 2007), and for NDF using 
Ankom Technology method 13 (Ankom 2000 Fiber 
Analyzer; Ankom Technology, Macedon, NY). 
Ingredients and diets were also analyzed for CP by 
the combustion procedure (method 990.03; AOAC 
Int., 2007) using an Elementar Rapid N-cube 
Protein/Nitrogen apparatus (Elementar Americas 
Inc, Mt Laurel, NJ). These samples were also 
analyzed for acid hydrolyzed ether extract (AEE) 
by acid hydrolysis using the acid hydrolysis filter 
bag technique (Ankom HCl Hydrolysis System, 
Ankom Technology, Macedon, NY) followed by 
fat extraction (Ankom XT-15 Extractor, Ankom 
Technology, Macedon, NY) and for ADF using 
Ankom Technology method 12 (Ankom 2000 Fiber 
Analyzer; Ankom Technology, Macedon, NY). 
Ingredients were analyzed for Ca and P (method 
975.03; AOAC Int., 2007). Lignin was determined 
in ingredients and diets using Ankom Technology 
method 9 (DaisyII Incubator, Ankom Technology, 

Macedon, NY). Ingredients were also analyzed for 
starch (method 979.10; AOAC Int., 2007), fructoo-
ligosaccharides (FOS) using refractive index HPLC 
(Campbell et al., 1997), and for fructose, glucose, 
sucrose, maltose, stachyose, and raffinose (Janauer 
and Englmaier, 1978). Corn, soybean meal, red dog, 
and the 10 sources of wheat middlings were also 
analyzed for insoluble dietary fiber (IDF) and solu-
ble dietary fiber (SDF) according to method 991.43 
(AOAC Int., 2007) using the AnkomTDF Dietary 
Fiber Analyzer (Ankom Technology, Macedon, 
NY). Total dietary fiber (TDF) was calculated as 
the sum of IDF and SDF. Bulk density was deter-
mined as described by Cromwell et al. (2000), and 
water binding capacity was measured as described 
by Robertson et al. (2000). Particle size of the corn, 
soybean meal, red dog, and the 10 sources of wheat 
middlings was determined using 50 g of the ingre-
dient that was placed on the top of test sieves and 
placed in a vibratory sieve shaker for 10 min. The 
feedstuff  material in each of the test sieves was 

Table 3. Analyzed composition (as-fed basis) of the basal corn-soybean diet and diets containing red dog 
or wheat middlings

Item Basal Red dog

Wheat middlings, source

1 2 3 4 5 6 7 8 9 10

GE, kcal/kg 3,876 3,846 3,875 3,836 3,904 3,871 3,851 3,935 3,908 3,903 3,931 3,914
DM 88.62 88.35 87.86 87.93 88.55 88.82 87.93 88.68 88.76 88.27 88.67 88.34

CP 22.44 21.41 19.94 20.91 18.95 19.08 18.76 19.83 19.43 20.07 19.28 19.96

AEE1 3.86 2.88 2.13 3.30 3.77 1.95 2.78 2.52 2.13 2.54 2.70 2.71

ADF 4.66 2.94 5.52 3.17 5.85 5.66 6.06 5.34 5.58 5.78 5.44 6.77

NDF 10.98 10.05 18.06 18.64 21.12 17.99 19.01 17.41 18.41 18.32 18.62 21.94

Lignin 1.38 1.20 1.79 1.87 1.67 1.70 2.23 2.03 1.81 1.59 1.91 1.95

Ash 4.87 6.67 5.82 6.36 6.54 6.54 5.48 6.13 5.77 5.81 4.72 5.57

1AEE, acid hydrolyzed ether extract.

Table  2. Ingredient composition of the basal corn-soybean diet and diets containing red dog or wheat 
middlings

Ingredient, %

Diet

Corn-soybean meal Wheat middlings or red dog

Corn 65.00 39.00
Soybean meal, 48% CP 32.50 19.50

Wheat middlings or red dog – 39.40

Limestone 0.95 1.40

Dicalcium phosphate 0.85 –

Sodium chloride 0.40 0.40

Vitamin mineral premix1 0.30 0.30

1The vitamin–micromineral premix provided the following quantities of vitamins and micro minerals per kilogram of complete diet: Vitamin 
A as retinyl acetate, 11,136 IU; vitamin D3 as cholecalciferol, 2,208 IU; vitamin E as dl-α-tocopheryl acetate, 66 IU; vitamin K as menadione 
dimethylprimidinol bisulfite, 1.42 mg; thiamin as thiamine mononitrate, 0.24 mg; riboflavin, 6.59 mg; pyridoxine as pyridoxine hydrochloride, 
0.24 mg; vitamin B12, 0.03 mg; d-pantothenic acid as d-calcium pantothenate, 23.5 mg; niacin, 44.1 mg; folic acid, 1.59 mg; biotin, 0.44 mg; Cu, 
20 mg as copper sulfate and copper chloride; Fe, 126 mg as ferrous sulfate; I, 1.26 mg as ethylenediamine dihydroiodide; Mn, 60.2 mg as manganese 
sulfate; Se, 0.3 mg as sodium selenite and selenium yeast; and Zn, 125.1 mg as zinc sulfate.
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recorded and weighed for calculation of mean par-
ticle size (ANSI/ASAE, 2008).

Calculations and Statistical Analysis

Organic matter was calculated as the differ-
ence between DM and ash. The DE and ME and 
the ATTD of GE, DM, OM, and NDF in all diets 
were calculated using the direct procedure (Adeola, 
2001). The contribution of energy from corn and 
soybean meal to the diets containing wheat mid-
dlings or red dog was subtracted from the DE and 
ME for these diets, and the DE and ME in each 
source of wheat middlings and red dog were calcu-
lated by difference (Adeola, 2001). The ATTD of 
GE, DM, OM, and NDF in each source of wheat 
middlings and in red dog was also calculated by 
difference.

Outliers were identified as values that devi-
ated from the treatment mean by more than 3 
times the interquartile range, using the PROC 
BOXPLOT option of SAS (SAS Institute Inc, 
Cary, NC). Normality of data was tested using 
the UNIVARIATE procedure in SAS. Data were 
analyzed as described by Casas and Stein (2017) 
using PROC GLM of SAS. Briefly, the 10 sources 
of wheat middlings were compared using ANOVA 
with diet or ingredient, period, and pig as the main 
effects. A  LSD test was used to separate means. 
Values for red dog were compared with values 
for wheat middlings using an estimate statement. 
The pig was the experimental unit for all analyses. 
Differences were considered significant if  P < 0.05.

RESULTS AND DISCUSSION

Wheat coproducts commonly are differentiated 
by the nutritional composition, mainly the con-
centration of starch and fiber (de Blas et al., 2010; 
Rostagno et al., 2011; NRC, 2012). In the United 
States, red dog is defined as the “tail of the mill” 
consisting mainly of the aleurone layer of the wheat 
grain with small particles of bran, germ, and flour 
and contains more than 4% crude fiber, whereas 
wheat middlings is described as a mix of wheat 
bran, wheat germ, wheat flour, and red dog (Blasi 
et  al., 1998; AAFCO, 2000; Sauvant et  al., 2004; 
Serna-Saldivar, 2010).

Chemical Composition of Wheat Middlings and 
Red Dog

The chemical composition of corn and soy-
bean meal used in this experiment was in agreement 

with reported values (Almeida et  al., 2011; NRC, 
2012; Rojas et  al., 2013; Rojas and Stein, 2013). 
The concentration of CP in the sources of wheat 
middlings used in this experiment was between 
17.0% and 18.8%, and CP was also 17.0% in red 
dog (Table  1). These values are greater than pre-
viously reported (Cromwell et  al., 2000; Sauvant 
et  al., 2004; Rostagno et  al., 2011; Huang et  al., 
2012; NRC, 2012; Huang et al., 2014). The AEE in 
wheat middlings ranged from 2.50% in source 1 to 
4.71% in source 10; however, the SD was 0.77, indi-
cating low variability in the concentration of AEE 
among the sources of wheat middlings. Likewise, 
the concentration of AEE in red dog was relatively 
low (2.50%) compared with wheat middlings. These 
values are greater than the value reported by NRC 
(2012) for wheat middlings but within the range 
of values reported elsewhere (Sauvant et al., 2004; 
Huang et  al., 2012; 2014; Jaworski et  al., 2015). 
Variation in the composition of wheat coproducts 
is a result of variations in the production process 
or differences among varieties of wheat, and dif-
ferences in growing conditions of wheat may also 
affect the chemical composition of the wheat grain 
(Erickson et al., 1985).

Between 80 and 90% of the starch in wheat is 
extracted during flour milling, and the resulting 
wheat coproducts contain only 8 to 16% starch 
(Blasi et al., 1998). The observation that the average 
starch in the 10 sources of wheat middlings used in 
this experiment was 20.2% with relatively little var-
iation indicate that flour mills in the United States 
may be less efficient in removal of starch than pre-
viously believed. However, the values obtained in 
this experiment are in agreement with the value 
reported by NRC (2012) and de Blas et al. (2010), 
but is less than reported by Sauvant et al. (2004); 
Rostagno et  al. (2011); and Huang et  al. (2014). 
The concentration of starch in red dog was 43%, 
which is less than the value reported for red dog 
from China (Huang et al., 2012, 2014). The reason 
red dog contains more starch than wheat middlings 
likely is that red dog contains a significant propor-
tion of endosperm, which is high in starch.

Concentrations of NDF and TDF in wheat 
middlings averaged 35.51% and 36.45%, respec-
tively, whereas red dog contained only 11.81% 
and 13.90% NDF and TDF. However, approxi-
mately 97% of the TDF was analyzed as IDF in 
wheat middlings, whereas 92% of TDF was ana-
lyzed as IDF in red dog. The average concentra-
tion of TDF in wheat middlings observed in this 
experiment is very close to the value reported by 
Jaworski and Stein (2017). The concentration of 
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ADF was 10.13% (±2.44%) among the 10 sources 
of wheat middlings and 3.37% in red dog, which is 
in agreement with reported values (Sauvant et al., 
2004; Huang et  al., 2012, 2014; NRC, 2012). The 
concentration of lignin, which ranged from 2.59% 
to 4.30% in wheat middlings, is in agreement with 
the value reported by Jaworski and Stein (2017). In 
contrast, the concentration of lignin in red dog was 
only 0.67%. In general, the concentration of fiber 
in wheat middlings increases as the concentration 
of starch decreases (Rosenfelder et al., 2013), which 
was also observed in this experiment.

The concentrations of glucose (0.31%), fruc-
tose (0.67%), and raffinose (0.92%) in wheat mid-
dlings were less than reported previously, but the 
concentrations of sucrose (1.92%) and maltose 
(1.89%) were greater than previous values (Jaworski 
and Stein, 2017). Fructoligosacharides are mixtures 
of 1-ketose, nystose, and 1-β-fructofuranosyl-nys-
tose and have been identified in different sources 
of plant ingredients including wheat coproducts 
(Hussein et  al., 1998). The concentration of FOS 
in wheat middlings used in this experiment was on 
average 3.35 mg/g and 2.48 mg/g in red dog. These 
values are less than reported by Campbell et  al. 
(1997) and Hussein et al. (1998). It is possible that 
there are differences among varieties of wheat that 
account for these differences.

The concentration of ash, Ca, and P in the 
10 sources of wheat middlings was 5.8  ±  0.8%, 
0.18 ± 0.29%, and 1.17 ± 0.22%, respectively, which 
is within the range of reported values (Eeckhout 
and De Paepe, 1994; Blasi et al., 1998; NRC, 2012). 
Red dog contained more ash and Ca, but less P, 
than wheat middlings, which is likely a result of the 
reduced content of fiber in red dog. The concentra-
tion of total P in wheat coproducts is greater than 
in wheat, but most of the P is bound to phytate, 
because the majority of phytate is located in the 
aleurone layer of most cereal grains (Eeckhout and 
De Paepe, 1994; Slominski et al., 2004).

Physical Characteristics of Wheat Middlings 
and Red Dog

Bulk density and particle size of ingredients 
may influence feed intake of pigs and affect the util-
ization of energy (Kyriazakis and Emmans, 1995; 
Rojas et al., 2016). Likewise, water binding capacity 
may negatively affect the digestibility of starch and 
AA (Jaworski and Stein, 2017). The bulk density of 
the sources of wheat middlings used in this experi-
ment ranged from 289 to 333  g/L, which concurs 
with the values reported by Cromwell et al. (2000), 

but is less than reported by Jaworski and Stein 
(2017). Cromwell et al. (2000) concluded that wheat 
middlings with bulk density greater than 335  g/L 
usually contains more starch than if  the bulk 
density is less than 335 g/L, which concur with the 
observation that red dog had a greater bulk density 
(498 g/L) than wheat middlings and also contained 
more starch.

Wheat middlings had low bulk density com-
pared with the bulk density of  corn, which may 
result in difficulties when handling and storing 
wheat middlings, and it is possible that special 
equipment and bins are required to handle wheat 
middlings. Alternatively, wheat middlings may 
be pelleted to reduce dust and losses during stor-
age and loading and to improve handling (Blasi 
et al., 1998).

The particle size of the 10 sources of wheat 
middlings was 782 ± 83 µm, and the particle size 
of red dog was 146 µm. The water binding capacity 
was 3.11 ± 0.2 g/g in wheat middlings and 1.83 g/g 
in red dog. These values concur with reported val-
ues (Jaworski and Stein, 2017).

Digestibility of GE, DM, OM, and NDF in Diets 
and Ingredients and Concentration of DE and ME

There were no differences in GE intake or GE 
output in urine among diets containing the 10 
sources of wheat middlings or between the diets 
containing wheat middlings and the diet contain-
ing red dog (Table 4). However, the GE in feces was 
greater (P  <  0.05) from pigs fed diets containing 
wheat middlings than from pigs fed the diet with 
red dog. The average ATTD of GE, DM, OM, and 
NDF was 80.3, 81.4, 83.3, and 56.2%, respectively, 
in diets containing wheat middlings, which was less 
(P < 0.05) than in the diet containing red dog (89.4, 
90.5, 91.9, and 67.0%). Differences in the ATTD of 
GE and NDF (P < 0.05) were observed among diets 
containing wheat middlings. However, the LSD and 
SEM values for these variables were low, indicating 
that ATTD of GE and nutrients in these diets was 
relatively consistent.

The ATTD of GE, DM, OM, and NDF in 
wheat middlings was 67.2, 71.2, 72.9, and 53.0%, 
respectively (Table  5), but differences (P  <  0.05) 
among sources of wheat middlings were observed 
indicating that variation in nutrient composition 
may affect nutrient digestibility. The ATTD of GE 
and DM obtained in this experiment is greater than 
reported by Nortey et  al. (2008) but concur with 
values reported by Jaworski and Stein (2017) and 
by Huang et al. (2014).
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The concentration of DE in wheat middlings 
ranged from 2,353 to 2,844 kcal/kg, and the concen-
tration of ME ranged from 2,272 to 2,729 kcal/kg. 
These values are less than reported values (Sauvant 
et al., 2004; NRC, 2012). However, the concentra-
tion of DE on a DM basis ranged from 2,637 to 
3,185 kcal/kg, and the concentration of ME on a 
DM basis varied between 2,547 and 3,056 kcal/
kg, and these values are in agreement with values 
reported by Nortey et al. (2008).

The ATTD of  GE, DM, OM, and NDF in 
red dog was 79.3, 82.9, 86.6, and 58.7% respec-
tively, which is less than reported for red dog 
from China (Huang et  al., 2012, 2014), but 
ATTD of  GE, DM, OM, and NDF was greater 
(P < 0.05) in red dog than in the 10 sources of 
wheat middlings, which is in agreement with 
Huang et  al. (2014). Concentrations of  DE in 
red dog were 3,050 and 3,408 kcal/kg (as-fed and 
DM basis, respectively), and concentrations of 
ME (as-fed basis and DM basis) were 2,945 and 
3,292 kcal/kg, respectively. These values are less 
than reported by Huang et al. (2012). However, 
the concentrations of  DE and ME were greater 
(P  <  0.05) in red dog than in wheat middlings, 
which likely is a consequence of  the greater con-
centration of  starch and reduced concentrations 
of  NDF in red dog compared with wheat mid-
dlings. It is also possible that the smaller particle 
size in red dog increased the ATTD of  GE in red 
dog compared with wheat middlings (Rosenfelder 
et al., 2013; Rojas and Stein, 2015).

In conclusion, nutrient composition of the 
wheat middlings used in this experiment generally 
had limited variability, but the fractions that were 
most variable were the concentration of starch, 
NDF, and TDF. The concentration of starch in red 
dog was greater than in wheat middlings, but the 
concentration of NDF and TDF was less. Variation 
in ATTD of GE and nutrients among the 10 
sources of wheat middlings was low, but the ATTD 
of GE and nutrients in red dog was greater than 
in wheat middlings. Differences in physical charac-
teristics and concentration of starch and fiber are 
likely the main reason for the greater nutritional 
value observed of red dog compared with wheat 
middlings.
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