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Since the 1950’ties, most diets fed to commercially raised pigs have been formulated based
on plant feed ingredients and without using animal feed sources. Cereal grains have histori-
cally been the main stable in pig diets, but because pigs require nutrients rather than specific
feed ingredients, it is possible to provide a well-balanced diet that includes all necessary
nutrients using a large number of different feed ingredients. Many of these ingredients are
co-products from the human food industry, which often are excellent sources of nutrients.
Co-products from other industrial processes, such as production of fuel ethanol, are also
available and may be used in diet formulations. Over the last few years, new fermentation
or processing technologies have been introduced as a way to improve the nutritional value
of certain feed ingredients, which may broaden the usage of such ingredients. However,
regardless of the ingredient being fed, the value of the ingredient is primarily determined
by the concentration of metabolizable or net energy, the concentration and digestibility of
indispensable amino acids, and the concentration and digestibility of phosphorus because
energy, amino acids, and phosphorus are the most expensive components of diets fed to
pigs. Ingredients may also contain anti-nutritional factors that limit the inclusion rate in
the diet to all or some categories of pigs and knowledge about acceptable inclusion levels
of ingredients is, therefore, required for successful use of these ingredients in diets fed to
pigs. Inclusion rate of some feed ingredients may also be limited because of effects on the
final products that are marketed from pigs and because any changes in the composition
or characteristics of the final products may reduce the value of the product, knowledge
about effects on final products are also important. Thus, for successful usage of feed ingre-
dients in diets fed to pigs, it is required that knowledge about the chemical composition,
the digestibility of energy and nutrients, and acceptable inclusion rates in diets fed to dif-
ferent categories of pigs is available. It is the objective of the present review to provide this
knowledge for a number of plant feed ingredients that are commonly used in diets fed to
pigs.
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1. Introduction

Pigs are omnivorous animals and are generally capable of consuming a wide variety of feed ingredients. However, most
commercially fed pigs are provided diets that are fairly simple in composition consisting of one or two sources of cereal
grains, one or two protein sources, and vitamins and minerals. Following the discovery of cobalamine (vitamin By, ) in 1948
and the subsequent production of synthetic vitamin B, (McDowell, 2013), it became possible to formulate diets for pigs
based on only plant ingredients, minerals, and synthetic vitamins. In the 1950’ties it was documented in the United States
that pigs thrive on a diet based on maize and soybean meal (SBM) as long as sufficient quantities of vitamins and minerals
are added to the diet (Cromwell, 2000). The popularity of the maize-SBM diet spread to many other countries in the world
and this combination of ingredients is the most common diet fed to pigs in the Americas, in many countries in Asia, and
in many central and southern European countries. In regions of the world where climatic conditions preclude economic
production of maize, other cereal grains such as wheat, barley, triticale, sorghum, and rye may be used in combination with
SBM or other protein sources. The rapid increase in the production of soybeans during the last 50 years has made it possible
to use SBM as the primary source of crude protein (CP) and amino acids (AA) in most countries in the world and because of
the increased demand for SBM, production of soybeans is now the fastest growing agricultural crop in the world (Goldsmith,
2008). However, despite the favorable nutritional value of the grain-SBM diet, a number of other feed ingredients are often
used in diets fed to pigs. The reason for using other ingredients is primarily to reduce costs of diets by taking advantage of
the large number of co-products that are generated from the food industry and other industries (Zijlstra and Beltranena,
2013; Woyengo et al., 2014). There are, therefore, numerous feed ingredients that may be included in diets fed to pigs.

The objective of the present contribution is to review current knowledge about energy and nutrient composition, energy
and nutrient digestibility, and recommended inclusion rates of feed ingredients of plant origin that may be used in diets
fed to pigs. Data for composition and digestibility of energy and nutrients that are presented are primarily from the feed
nutrient database that is maintained at the University of Illinois (http://nutrition.ansci.illinois.edu)

2. Cereal grains

Pigs do not have a requirement for cereal grains in the diet, but in all commercial diets fed to pigs, one or more cereal
grains are included and in most cases, cereal grains provide the majority of the energy in the diets. Cereal grains differ in
concentrations of lipids, fiber, and CP, and the nutritional value, therefore, is different among cereal grains (Tables 1 and 2).
Although pigs generally digest starch very efficiently, differences among cereal grains in starch digestibility have been
reported (Cervantes-Pahm et al., 2014a), and differences in the digestibility of AA also have been reported (Tables 3 and 4).

2.1. Barley
Barley is grown in many countries in Europe, Canada, the United States, and Australia, where it is used for malting or for

feeding of livestock. Total global production is around 140 million tons per year (Statista, 2015), which is 4th in terms of
volume after maize, rice, and wheat. Barley has a greater concentration of AA and fiber and a reduced concentration of starch
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Table 1
Composition of barley, maize, oats, and polished rice.
Item Ingredient
Barley Maize Oats Polished rice
N X SD N X SD N X SD N X SD
Gross energy, MJ/kg 56 16.1 13 157 16.7 0.7 4 17.5 0.3 6 153 0.7
Dry matter, g/kg 104 891.0 37.0 329 882.0 22.0 19 903.0 27.0 7 870.0 9.0
Crude protein, g/kg 159 108.0 17.0 364 81.0 11.0 23 113.0 17.0 8 81.0 22.0
Acid hydrolyzed ether extract, g/kg 7 30.0 15.0 17 29.0 19.0 - - - 1 9.0 -
Ash, g/kg 94 41.0 31.0 190 14.0 10.0 13 26.0 8.0 5 5.0 3.0
Starch, g/kg 64 497.0 59.0 66 621.0 51.0 13 401.0 83.0 6 753.0 73.0
Acid detergent fiber, g/kg 69 58.0 17.0 135 29.0 10.0 9 119.0 57.0 4 6.0 1.0
Neutral detergent fiber, g/kg 65 185.0 46.0 150 102.0 31.0 7 227.0 124.0 4 9.0 4.0
Total dietary fiber, g/kg 7 188.0 21.0 5 95.0 9.0 2 228.0 157.0 2 12.0 2.0
Calcium, g/kg 40 0.6 0.2 117 0.2 0.3 3 1.6 1.7 1 0.4 -
Phosphorus, g/kg 48 3.6 0.5 142 2.6 0.5 4 3.2 1.0 1 1.8 -
Phytate, g/kg 17 7.8 14 10 74 14 2 6.7 - - - -
Indispensable amino acids, g/kg
Arginine 42 53 0.9 252 3.8 0.6 5 7.9 14 2 7.2 1.5
Histidine 38 2.6 0.7 246 24 0.5 5 2.6 0.5 2 25 0.5
Isoleucine 48 3.6 0.7 257 2.8 0.6 5 44 0.9 2 39 0.6
Leucine 40 7.2 1.2 246 9.6 1.6 5 8.4 14 2 7.4 1.1
Lysine 54 4.1 0.8 264 2.6 0.5 5 4.8 0.8 2 44 2.0
Methionine 50 2.0 0.3 256 1.7 0.4 5 39 2.7 2 2.2 0.1
Phenylalanine 38 53 1.2 245 3.9 0.6 5 5.7 1.1 2 4.6 0.5
Threonine 51 3.6 0.6 258 2.8 0.5 5 4.2 0.5 2 3.6 1.2
Tryptophan 32 1.2 0.2 219 0.6 0.1 2 1.3 0.1 2 1.0 0.4
Valine 48 5.1 0.9 256 3.8 0.6 5 6.4 1.1 2 6.2 1.8
Dispensable amino acids, g/kg
Alanine 34 43 0.7 198 6.0 0.9 2 5.7 14 1 44 -
Aspartic acid 34 6.4 1.0 198 5.4 0.9 2 10.0 2.1 1 6.8 -
Cysteine 48 2.6 0.5 232 1.8 03 3 3.8 0.7 2 2.1 0.2
Glutamic acid 34 24.6 6.2 190 14.8 2.7 2 21.7 6.9 1 14.1 -
Glycine 36 44 0.7 196 32 0.6 2 6.1 1.5 1 35 -
Proline 32 11.1 3.1 182 6.9 1.2 2 6.7 1.0 1 33 -
Serine 36 44 0.9 192 3.8 0.6 2 6.1 1.8 1 34 -
Tyrosine 36 2.8 0.6 216 2.6 0.7 2 3.8 04 2 34 1.5

compared with maize, but the digestibility of starch and AA in barley is less than in wheat and maize (Stein et al., 2001;
Pedersen et al., 2007a; Cervantes-Pahm et al., 2014a). The standardized ileal digestibility (SID) of most indispensable AA is
between 70 and 80% (Table 2) and a meta-analysis including data for SID of AA in barley from 26 different peer-reviewed
journal articles was recently published (Spindler et al., 2014).

Barley fiber contains mixed linked beta glucans in addition to arabinoxylans and cellulose and is, therefore, more fer-
mentable than fiber from wheat and maize (Bach Knudsen, 1997). Because of the greater concentration of fiber in barley
than in most other cereal grains, the concentration of digestible and metabolizable energy in fiber is less than in most other
cereal grains. However, there is significant variability in the concentrations of fiber in barley and in general, the greater the
concentration of fiber is, the less digestible energy is present in barley (Fairbairn et al., 1999).

Barley may be included in diets fed to all categories of pigs. In starter diets, it has been demonstrated that barley may
replace sorghum (Goodband and Hines, 1988) or wheat (Yin et al., 2001; Nasir et al., 2015) without any impact on growth
performance, but if pigs are fed diets containing barley rather than maize, ADG may be improved (Medel et al., 1999; Yin
etal.,, 2001). However, weanling pig performance is improved if barley is ground to 635 pm rather than 768 pm (Goodband
and Hines, 1988) and pigs fed micronized barley or barley that is heat treated have improved performance compared with
pigs fed raw barley (Medel et al., 2000, 2002). It has been demonstrated that inclusion of barley in diets fed to weanling pigs
may reduce the occurrence of diarrhea possibly due to prebiotic effects of the beta-glucans in barley, which may result in
reduced colonic pH (Paulicks et al., 2000; Montagne et al., 2003; O’Connell et al., 2005). Pigs fed barley also have an increased
Lactobacillus spp. to Enterobacteriaceae ratio in the small intestine compared with pigs fed wheat, indicating a favorable
shift in intestinal microbiota (Weiss et al., 2016).

Pigs fed diets based on barley during the growing or finishing phases have been reported to have growth performance
that is not different from that of pigs fed diets based on wheat or maize (Yin et al., 2001), but reduced average daily gain and
gain to feed ratio of pigs fed barley rather than maize has also been reported (Carr et al., 2005; Kim et al., 2014). Reduced
dressing percentage of pigs fed barley rather than maize was also observed, whereas concentration of saturated fatty acids
in the back fat of pigs was linearly increased in pigs fed barley compared with pigs fed maize (Kim et al., 2014).
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Table 2
Composition of rye, sorghum, triticale, and wheat.
Item Ingredient
Rye Sorghum Triticale Wheat
N X SD N X SD N X SD N X SD
Gross energy, MJ/kg 2 16.3 0.2 10 16.3 0.3 6 14.2 2.8 86 16.2 1.3
Dry matter, g/kg 7 895.0 7.0 36 889.0 21.0 16 851.0 62.0 118 899.0 25.0
Crude protein, g/kg 12 102.0 14.0 78 112.0 21.0 19 114.0 24.0 160 140.0 21.0
Acid hydrolyzed ether extract, g/kg 1 27.0 - 2 31.0 28.0 - - - 1 11.0 19.0
Ash, g/kg 5 17.0 2.0 62 18.0 6.0 9 20.0 6.0 88 20.0 7.0
Starch, g/kg 4 563.0 19.0 10 692.0 77.0 13 564.0 61.0 77 576.0 63.0
Acid detergent fiber, g/kg 1 25.0 - 20 46.0 14.0 9 32.0 5.0 89 36.0 17.0
Neutral detergent fiber, g/kg 1 123.0 - 22 101.0 33.0 10 106.0 9.0 94 149.0 90.0
Total dietary fiber, g/kg 1 117.0 - 4 39.0 39.0 - - - 11 98.0 23.0
Calcium, g/kg 4 1.6 1.8 13 0.2 0.1 12 1.6 2.3 54 0.6 0.9
Phosphorus, g/kg 4 2.7 0.7 14 2.8 0.7 13 3.8 1.1 67 3.6 1.0
Phytate, g/kg - 7.0 - 2 6.4 1.8 5 7.4 - 14 7.8 2.5
Indispensable amino acids, g/kg
Arginine 5 5.8 21.1 27 3.6 0.5 4 7.3 2.0 64 6.6 13
Histidine 5 24 10.6 26 2.1 03 4 3.1 0.5 65 3.5 0.8
Isoleucine 5 35 15.5 28 3.7 0.5 4 45 0.9 66 4.9 1.0
Leucine 5 6.5 271 28 124 1.7 4 8.6 2.0 65 9.7 1.6
Lysine 5 4.0 16.6 28 2.1 04 7 5.0 0.8 73 4.1 0.9
Methionine 5 1.6 6.9 26 1.6 0.3 7 2.5 0.4 63 24 0.4
Phenylalanine 5 4.8 19.8 24 4.9 0.6 4 5.2 1.9 65 6.8 1.2
Threonine 5 34 13.2 28 3.0 0.4 7 4.1 0.7 68 4.2 0.6
Tryptophan 4 1.0 4.6 23 0.7 0.2 3 1.6 0.3 33 1.7 0.4
Valine 5 4.9 20.7 28 4.7 0.6 4 5.9 13 65 6.2 1.2
Dispensable amino acids, g/kg
Alanine 4 43 19.9 25 8.6 1.1 4 5.4 1.0 52 5.1 1.1
Aspartic acid 4 7.4 328 25 6.1 1.0 4 8.0 13 51 7.6 1.6
Cysteine 5 2.0 9.0 26 1.8 0.2 7 2.6 0.8 55 34 1.0
Glutamic acid 4 24.7 114.0 25 189 2.8 4 37.5 8.2 51 423 124
Glycine 4 4.5 203 25 31 0.4 4 5.6 1.1 51 5.9 1.1
Proline 3 11.6 50.1 24 7.6 1.1 1 10.6 - 47 14.8 3.8
Serine 4 4.2 17.9 25 3.9 0.5 4 6.4 1.2 52 6.6 13
Tyrosine 5 24 8.8 24 32 0.5 4 39 1.1 36 3.7 1.0
Table 3

Concentration of digestible, metabolizable, and net energy, coefficient of standardized ileal digestibility (SID) of amino acids, and coefficient of standardized
total tract digestibility (STTD) of phosphorus in barley, maize, oats, and polished rice.

Item Ingredient
Barley Maize Oats Polished rice
N X SD N X SD N X SD N X SD
Digestible energy, MJ/kg 17 12.8 0.7 73 14.6 0.5 1 11.0 - 1 15.1 -
Metabolizable energy, M]/kg 7 12.2 0.5 67 14.2 0.5 1 109 - 5 14.8 0.2
Net energy, MJ/kg 6 9.2 0.5 5 10.3 0.4 1 7.7 - 1 10.7 -
SID indispensable amino acids
Arginine 24 0.840 0.062 45 0.880 0.073 2 0.890 0.007 2 0.890 0.053
Histidine 23 0.810 0.049 45 0.830 0.054 2 0.840 0.014 2 0.870 0.066
Isoleucine 24 0.790 0.091 45 0.810 0.066 2 0.800 0.007 2 0.800 0.179
Leucine 24 0.810 0.051 45 0.870 0.061 2 0.820 0.014 2 0.810 0.176
Lysine 23 0.750 0.086 45 0.740 0.099 2 0.750 0.021 2 0.820 0.144
Methionine 21 0.810 0.076 39 0.840 0.087 2 0.840 - 2 0.850 0.139
Phenylalanine 23 0.810 0.066 45 0.840 0.069 2 0.850 0.014 2 0.820 0.193
Threonine 24 0.750 0.100 45 0.760 0.099 2 0.700 0.014 2 0.790 0.167
Tryptophan 11 0.730 0.246 25 0.780 0.133 2 0.780 - 2 0.810 0.196
Valine 24 0.800 0.074 45 0.810 0.068 2 0.780 0.014 2 0.810 0.193
SID dispensable amino acids
Alanine 22 0.730 0.086 37 0.840 0.038 1 0.690 - 1 0.890 -
Aspartic acid 22 0.750 0.097 37 0.810 0.064 1 0.760 - 1 0.930 -
Cysteine 18 0.820 0.082 32 0.830 0.053 2 0.750 - 2 0.800 0.208
Glutamic acid 22 0.860 0.066 37 0.870 0.058 1 0.860 - 1 0.950 -
Glycine 22 0.830 0.153 37 0.840 0.187 1 0.700 - 1 0.930 -
Proline 17 0.890 0.284 32 0.960 0313 1 0.720 - 1 0.560 -
Serine 22 0.810 0.081 37 0.850 0.052 1 0.740 - 1 0.930 -
Tyrosine 18 0.780 0.125 36 0.830 0.060 1 0.810 0.014 1 0.830 0.136
STTD phosphorus 12 0.425 0.094 30 0.406 0.129 3 0.389 0.035 - - -
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Table 4
Concentration of digestible, metabolizable, and net energy, coefficient of standardized ileal digestibility (SID) of amino acids, and coefficient of standardized
total tract digestibility (STTD) of phosphorus in rye, sorghum, triticale and wheat.

Item Ingredient
Rye Sorghum Triticale Wheat
N X SD N X SD N X SD N X SD
Digestible energy, MJ/kg 1 143 - 1 16.6 - 2 14.1 0.2 54 14.2 0.8
Metabolizable energy, MJ/kg 2 13.7 0.3 4 13.9 0.4 3 13.6 0.3 25 13.8 0.9
Net energy, MJ/kg 1 10.1 - 1 10.3 - 1 9.9 - 1 10.8 -
SID indispensable amino acids
Arginine 5 0.840 0.046 18 0.790 0.101 7 0.840 0.064 22 0.910 0.046
Histidine 5 0.810 0.061 17 0.740 0.080 7 0.820 0.072 22 0.890 0.051
Isoleucine 5 0.770 0.087 18 0.770 0.065 7 0.820 0.067 22 0.880 0.064
Leucine 5 0.810 0.052 18 0.820 0.058 7 0.840 0.054 22 0.890 0.053
Lysine 5 0.750 0.073 18 0.720 0.124 7 0.770 0.089 22 0.820 0.102
Methionine 5 0.830 0.049 18 0.790 0.072 7 0.860 0.043 20 0.890 0.065
Phenylalanine 5 0.840 0.042 17 0.810 0.069 7 0.850 0.078 22 0.900 0.061
Threonine 5 0.750 0.096 18 0.740 0.085 7 0.680 0.141 22 0.830 0.104
Tryptophan 3 0.790 0.066 4 0.700 0.167 2 0.760 0.016 14 0.870 0.066
Valine 5 0.780 0.065 18 0.760 0.076 7 0.800 0.064 22 0.870 0.060
SID dispensable amino acids
Alanine 5 0.720 0.082 18 0.780 0.055 7 0.780 0.065 14 0.830 0.102
Aspartic acid 5 0.790 0.066 18 0.780 0.074 7 0.800 0.045 14 0.840 0.089
Cysteine 5 0.830 0.090 18 0.660 0.086 7 0.830 0.055 12 0.890 0.067
Glutamic acid 5 0.900 0.026 18 0.790 0.106 7 0.910 0.045 14 0.920 0.058
Glycine 5 0.780 0.246 18 0.660 0.184 7 0.830 0.156 14 0.930 0.139
Proline 4 1.020 0.160 17 0.700 0.310 5 1.040 0.224 10 1.100 0.167
Serine 5 0.820 0.062 18 0.810 0.062 7 0.820 0.075 14 0.890 0.077
Tyrosine 4 0.750 0.107 17 0.740 0.075 6 0.820 0.070 15 0.870 0.085
STTD, phosphorus 3 0.500 0.116 4 0.399 0.073 6 0.558 0.035 14 0.600 0.131

2.2. Maize

Maize is the most common cereal grain used in the feeding of commercial pigs and with global production exceeding
1000 million tons, there is more maize produced in the world than that of any other cereal grain (Statista, 2015). The high
concentration of starch and the low concentration of fiber in maize results in most nutrients being easy to digest by pigs,
and the apparent total tract digestibility of dry matter in maize is close to 90% (Rojas and Stein, 2015b). The apparent total
tract digestibility of starch is between 90 and 96% and is increased by reducing the particle size (Rojas and Stein, 2015b).
The concentration of CP is between 7 and 9% and less than in most other cereal grains, but the SID of most indispensable AA
in maize is slightly greater than in barley and sorghum and comparable to wheat (Pedersen et al., 2007a,b; Cervantes-Pahm
et al., 2014b). The concentration of total dietary fiber is less than 10% with the majority being arabinoxylans and cellulose
(Bach Knudsen, 1997; Jaworski et al., 2015).

Maize contains approximately 2.5 g/kg of phosphorus, but at least two thirds of that amount is bound to phytate, and
the standardized total tract digestibility of phosphorus in maize is therefore, only between 25 and 35% (Almeida and Stein,
2010, 2012). However, if microbial phytase is added to diets based on maize, the digestibility of phosphorus will increase to
between 45 and 60% (Almeida and Stein, 2010, 2012).

Maize can be included in diets fed to all categories of pigs as the sole cereal grain and with the exception of diets fed during
the initial 2-3 weeks post-weaning, growth performance of pigs fed diets based on corn is usually superior to that of pigs
fed diets based on other cereal grains. There are, therefore, very few restrictions in the feeding of maize to growing-finishing
pigs, but if fed in diets for gestating sows, it is recommended to include a source of fiber in the diet to avoid constipation.
Energy digestibility in maize is improved if particle size is reduced to less than 500 pm (Wondra et al., 1995; Rojas and Stein,
2015b) and it is possible to reduce the amount of added fat in the diet if particle size is reduced, without affecting growth
performance of weanling or growing-finishing pigs (Rojas and Stein, 2016; Rojas et al., 2016). Dressing percentage of pigs
fed diets containing maize ground to less than 500 pum is also greater than that of pigs fed diets containing maize ground to
a coarser particle size (Rojas et al., 2016). It is also possible that extrusion of corn grain may improve growth performance
of weanling pigs (Liu et al., 2015b).

2.3. Oats

Oats is produced in relatively small quantities and global production is less than 25 million tons (Statista, 2015) with the
European Union, Russia, and Canada being the biggest producers. Oats is primarily used for human consumption and only
smaller quantities are used in animal feeding. The concentration of fiber in oats is greater than in all other cereal grains,
and as is the case for barley, oat fiber contains significant quantities of beta-glucans along with arabinoxylans and cellulose
(Bach Knudsen, 1997). Because of the relatively high fiber concentration, oats has less digestible and metabolizable energy
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than other cereal grains. However, if oats are dehulled, the SID of AA is greater in oats than in many other cereal grains, and
oat protein has a more favorable AA balance than all other cereal grains (Cervantes-Pahm et al., 2014b). It is also believed
that oat fiber may have beneficial effects in terms of improving intestinal health and oats are, therefore, often included in
diets fed to weanling pigs in amounts of up to 20%. Inclusion of 30% oats in diets fed during the immediate post-weaning
period does not reduce growth performance compared with pigs fed diets based on maize or sorghum (Stein and Kil, 2006)
and improved gain to feed ratio of pigs fed oat-based diets compared with diets based on maize has been reported (Mahan
and Newton, 1993). However, if oats are included in starter diets for pigs in greater amounts, growth performance will be
reduced compared with that of pigs fed diets based on maize (Wahlstrom et al., 1977). Up to 40% oats may be included in
diets for growing-finishing pigs if diets are balance for metabolizable energy by addition of dietary fat (Myer and Combs,
1991). Oats may also be included in diets for gestating and lactating sows by at least 20%.

2.4. Polished rice and broken rice

Rice (Oriza sativa) is the most important food crop in the world and among cereal grains, rice ranks second only after maize
in terms of area and production (Singh et al., 2013a), and the annual global production of paddy rice is approximately 750
million tons (Statista, 2015). Unlike maize, which is primarily produced as a source of feed or for fuel ethanol production, rice
is primarily grown for human consumption and rice is the main source of carbohydrates for humans worldwide. However,
use of rice in pig feeding is limited because of relatively high price and limited availability (Vicente et al., 2009). Rice is,
therefore, usually not fed to pigs or other animals unless the quality of the rice prevents usage as human food, but white
polished rice that does not meet quality specifications for human food is an excellent source of energy in diets fed to pigs.
During milling, some of the rice kernels may be broken and kernels that have a length that is less than 25% of the original
length cannot be sold as polished white rice, and these kernels are therefore, sometimes used in the animal feed industry
and sold as broken rice or brewers rice (USA Rice Federation, 2011). There is, however, no difference in the nutritional
value between polished white rice and broken rice. Polished white rice contains only around 1% total dietary fiber, which is
much less than all other cereal grains, but the concentration of starch is greater than in all other cereal grains (Cervantes-
Pahm et al., 2014a). The digestibility of starch in polished white rice is also greater than in other cereal grains because the
concentration of resistant starch is low (Cervantes-Pahm et al., 2014a; Sola-Oriol et al., 2014). The SID of AA in polished
white rice and broken rice is between 90 and 98%, which is greater than in most other plant feed ingredients (Brestensky
et al., 2013; Cervantes-Pahm et al., 2014b; Casas et al., 2015). The concentration of metabolizable energy in polished white
rice is similar to that in de-hulled barley, but greater than in maize, wheat, and sorghum (Cervantes-Pahm et al., 2014a).
Polished rice has a low concentration of phosphorus and phytate, but the standardized total tract digestibility of phosphorus
is approximately 75% (Casas and Stein, 2015).

Broken rice and polished white rice are usually not used in diets fed to growing-finishing pigs or for sows because of
the high cost of these ingredients. However, there is considerable interest in using these ingredients in diets fed to newly
weaned pigs because the low fiber concentration is believed to reduce substrates for pathogens in the intestinal tract, and
therefore, reduce enteric diseases in piglets (Pluske et al., 1996; Che et al., 2012). Indeed, increased feed intake and increased
average daily gain has been demonstrated in weanling pigs fed diets based on polished white rice or broken rice compared
with pigs fed diets based on maize (Pluske et al., 2003; Mateos et al., 2007).

2.5. Rye

Rye is produced in a number of Northern European countries and the primary production is intended for human con-
sumption. However, with the advent of hybrid rye, which has increased yields compared with conventional rye, production
of rye for feed is increasing in some parts of Europe and global production now is close to 20 million tons per year (Statista,
2015). New varieties of hybrid rye also have reduced concentrations of anti-nutritional factors such as alkaloids and trypsin
inhibitors and are less susceptible to be contaminated with ergot compared with older varieties of rye (Schwarz et al., 2014).
The digestibility of starch and AA in rye is less than in wheat and broken rice (Brestensky et al., 2013; Cervantes-Pahm
et al., 2014a; Strang et al., 2014) and rye fiber primarily consists of arabinoxylans and cellulose (Schwarz et al., 2014). The
concentreation of metabolizable energy is less in rye than in wheat, maize, and sorghum (Cervantes-Pahm et al., 2014a), but
the digestibility of energy in rye may be improved by addition of microbial xylanase to the diet (Nitrayova et al., 2009).

Historically rye was included in diets for pigs at relatively low amounts due to reduced palatability and concentrations
of anti-nutritional factors. However, hybrid rye may be included in diets fed to weanling, growing, and finishing pigs by 10,
25, and 50%, respectively, without causing reductions in growth performance or carcass quality (Schwarz et al., 2014).

2.6. Sorghum

Sorghum is grown in a number of countries around the world and total global production is close to 60 million tons per
year (Deb et al., 2004). Sorghum is used for human consumption as well as for animal feed. The nutritional value of sorghum
for pigs was recently reviewed (Tokach et al., 2012). The concentration of starch and AA in sorghum is greater than in maize
and wheat, but the concentration of lipids is slightly less than in maize (Jaworski et al., 2015). The starch in sorghum has a
reduced digestibility compared with the starch in wheat and maize (Cervantes-Pahm et al., 2014b) and the glycemic index,
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therefore, is reduced in starch from sorghum compared with starch from wheat (Prasad et al., 2014). The concentration of
total dietary fiber in sorghum is comparable to that in maize with the majority being cellulose and arabinoxylans (Jaworski
et al., 2015). However, the fiber in sorghum is more tightly bound to protein (Bach-Knudsen and Munck, 1985) than is the
case for other cereal grains, which may be the reason why the SID of AA is slightly less in sorghum than in wheat and
maize (Pedersen et al., 2007a; Cervantes-Pahm et al., 2014b). Amino acid digestibility in sorghum is negatively influenced
by the concentration of tannins in sorghum (Jansman et al., 1993), but it appears that the concentration of tannins needs
to be greater than 1% before a negative effect on SID of AA is observed (Mariscal-Landin et al., 2004). The concentration of
phosphorus in sorghum is close to that in maize, but as is the case for most cereal grains, the majority of the phosphorus
is bound to phytate and the standardized total tract digestibility of phosphorus in sorghum is, therefore, relatively low.
However, addition of microbial phytase to the diet will increase the digestibility of phosphorus (Cervantes et al., 2011). The
concentration of gross energy in sorghum is similar to that in wheat and maize, and the same is the case for the concentration
of digestible and metabolizable energy (Cervantes-Pahm et al., 2014a; Bolarinwa and Adeola, 2016). It is, however, possible
to increase metabolizable energy in sorghum by grinding to a fine particle size rather than a coarser particle size (Owsley
et al, 1981).

As is the case for maize and wheat, sorghum may be used as the sole cereal grain in diets fed to pigs without reducing
growth performance of weanling or growing-finishing pigs (Hongtrakul et al., 1998; Shelton et al., 2004; Benz et al., 2011).
However, if sorghum replaced maize in diets fed to lactating sows, a slight reduction in feed intake and litter weight gain
has been reported, whereas subsequent reproductive performance was not impacted by inclusion of sorghum in the diets.
Overall, there does not seem to be much difference in feeding value between maize, wheat and sorghum, and it was recently
estimated that the feeding value of sorghum compared with maize is 98-99% (Tokach et al., 2012).

2.7. Triticale

Triticale is one of the few cereal grains that is produced primarily for livestock feed and annual global production is
relatively modest at about 15 million tons (Triticale-Infos, 2015). Triticale was developed as a cross between wheat and rye
(Ammar et al., 2004) and the nutritional composition, therefore, is close to that of wheat and rye (NRC, 2012). However,
some variability in chemical composition, specifically of fiber concentration, among cultivars of triticale has been reported
(Farrell et al., 1983; Leterme et al., 1991).

The apparent total tract digestibility of energy and the SID of AA is less in triticale than in maize (Adeola et al., 1986).
In agreement with these results, it was demonstrated that inclusion of triticale in diets fed to growing-finishing pigs at the
expense of maize resulted in a linear reduction in feed intake and therefore in average daily gain (Nishimuta et al., 1980).
Likewise, Myer et al. (1989) reported a reduction in average daily gain and gain to feed ratio if triticale replaced maize in diets
for growing pigs, but during the finishing phase, no difference between triticale and maize was observed. However, results
of several experiments in Australia demonstrated that between 50 and 100% of the wheat in diets fed to growing-finishing
pigs may be replaced by triticale without detrimental effects on growth performance (Farrell et al., 1983; Batterham et al,,
1990).

Most of the research with triticale fed to growing pigs was conducted 25-40 years ago. Since that time, new cultivars
of triticale have become available and in experiments with broiler chickens it was demonstrated that some of these new
cultivars may support growth performance that is not different from that of diets based on maize (Widodo et al., 2015).
However, to our knowledge, no data from experiments in which the new varieties have been fed to pigs have been reported.

2.8. Wheat

Wheat is the third most produced cereal grain in the world with global production at approximately 715 million tons
(Statista, 2015). In most countries, wheat is produced primarily for human consumption, but in Canada, Australia, and some
Northern European countries wheat is also produced as a feed ingredient. The use of wheat in diets fed to pigs was recently
reviewed (Kim et al., 2005; Rosenfelder et al., 2013). In general, wheat may be used as the sole cereal grain in diets fed to
pigs, and there are not many restrictions to the use of wheat. The concentration of AA in wheat is greater than in maize and
rice, but may vary according to variety and growing conditions (Zijlstra et al., 1999). However, the concentration of starch
and fiber is close to that in maize (Pedersen et al., 2007a; Cervantes-Pahm et al., 2014b; Jaworski et al., 2015). As is the
case for maize, the majority of the fiber in wheat consists of arabinoxylans and cellulose, but total tract fermentability of
dietary fiber in wheat is greater than in sorghum and maize (Jaworski et al., 2015). Lysine is the first limiting AA in wheat
(Pichardo et al., 2003), and the SID of AA in wheat is also usually greater than in barley and sorghum and close to values
observed in maize (Pedersen et al., 2007a; Cervantes-Pahm et al., 2014b; Rosenfelder et al., 2015). The concentration of
phosphorus in wheat is slightly greater than that in most other cereal grains, and due to intrinsic phytase, the standardized
total tract digestibility of phosphorus is greater in wheat than in most other cereal grains (NRC, 2012). The energy in wheat
is relatively easy digestible and concentrations of digestible and metabolizable energy is usually close to that of maize (NRC,
2012). However, differences in energy digestibility due to differences in growing conditions and among varieties have been
reported (Zijlstra et al., 1999; Kim et al., 2005) and in general, the greater the concentration of dietary fiber in wheat is,
the lower is the concentration of digestible energy (Kim et al., 2005). Storage of wheat for 6-12 month may also reduce
the concentration of digestible and metabolizable energy in some, but not all, varieties of wheat (Guo et al., 2015). Energy
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digestibility in wheat may sometimes be improved by addition of a microbial xylanase to wheat based diets (Barrera et al.,
2004), but that is not always the case (I'’Anson et al., 2013).

3. Cereal co-products
3.1. Maize co-products

Maize is processed for the production of ethanol or human food using wet milling, dry milling, or dry grinding processes
(NRC, 2012; Rojas et al., 2013). The main co-products from the wet milling industry include maize gluten meal, maize germ
meal, and maize gluten feed (Tables 5-8 ). Maize gluten meal is a high protein ingredient that is primarily used in diets for
ruminants, and the protein quality is relatively poor for monogastric animals (Almeida et al., 2011). However, due to the
low concentration of fiber in maize gluten meal (Jaworski et al., 2015), the concentration of metabolizable energy is greater
than that of other maize co-products (Ji et al., 2012; Rojas et al., 2013) and the SID of AA in maize germ meal is greater than
in maize (Almeida et al., 2011; Ji et al., 2012).

Maize germ meal has a greater concentration of fiber and contains less protein than maize gluten meal and the metaboliz-
able energy of maize germ meal is, therefore, less than in maize gluten meal (Rojas et al., 2013). However, maize germ meal
is often used in diets for gestating sows, but unlike what has been observed for some other ingredients, the concentration
of metabolizable energy of maize germ meal fed to gestating sows is not greater than for growing pigs (Lowell et al., 2015).

Maize gluten feed contains a number of product streams from the wet milling industry and the nutrient concentration,
therefore, is more variable than that of other maize co-products. The concentration of CP is usually between 20 and 24%, but
the concentration of fiber is relatively high and the metabolizable energy is comparable to that of maize germ meal (Rojas
etal., 2013).

In addition to maize gluten meal, maize germ meal, and maize gluten feed, other co-products from the wet milling industry
include high-oil maize germ, liquid maize extracts, and maize bran (Anderson et al., 2012; Liu et al., 2014a). However, the
quantities produced of these co-products are small and the ingredients, therefore, are available only in local markets.

The main co-product from the maize dry milling industry is hominy feed, which contains more starch and less fiber and
protein than most other maize co-products (Almeida et al., 2011). Hominy feed can, therefore, be used as a substitute for
maize in diets for pigs, and the digestibility of nutrients and the concentration of metabolizable energy in hominy feed is
comparable to that in maize (Almeida et al., 2011; Rojas et al., 2013).

The maize dry grind industry is used to produce the majority of ethanol and the co-products from this industry include
distillers dried grains with solubles (DDGS), which has a low concentration of starch, but contains fiber that is equivalent
to maize germ meal. The concentration of fat may vary from less than 5% to more than 10% depending on the degree of fat
removal from the solubles before they are added to the distilled grain (Anderson et al., 2012). The digestibility of most AA
in maize DDGS is less than in maize and the digestibility of lysine may sometimes be low because of heat damage during
fermentation or drying (Pahm et al., 2008; Kim et al., 2012). Concentrations of metabolizable energy in maize DDGS has been
reported to be similar to that of maize (Pedersen et al., 2007b; Stein et al., 2009; Stein and Shurson, 2009), and as is the case
for many feed ingredients, the metabolizable energy is increased if particle size is reduced (Liu et al., 2012)

Other co-products from the maize dry-grind industry include high protein distillers dried grain and low fat corn germ
(Widmer et al.,2007; Kim et al., 2009; Adeola and Ragland, 2012), but availability of these ingredients is generally low. Maize
bran may be produced in the wet milling as well as in the dry grind industry, but has generally little use in diets fed to pigs
(Liu et al., 2014a).

The quality of protein in all maize co-products is relatively poor compared with the requirements for pigs because of low
concentrations of lysine and tryptophan, but when used in combinations with SBM and crystalline lysine and tryptophan,
balanced diets can be produced. The fiber in maize co-products primarily consist of cellulose and arabinoxylans (Jaworski
et al., 2015), and the total tract digestibility of dietary fiber in maize co-products is less than 50% (Urriola et al., 2010). The
digestibility of AA in many maize co-products is usually less than that in maize (Almeida et al., 2011; Stein and Shurson,
2009). The digestibility of lipids in maize co-products is less than in extracted maize oil and is usually between 50 and 75%
(Kil et al., 2010; Kim et al., 2013), and the metabolizable energy of some high-fat maize co-products is, therefore, not as high
as expected (Widmer et al., 2007; Liu et al., 2014a). It has also been demonstrated that reduction of fat in DDGS does not
always reduce metabolizable energy (Kerr et al., 2013), which is likely a consequence of the relatively low digestibility of
lipids in DDGS. Whereas all maize co-products have low concentrations of calcium (Gonzalez-Vega et al., 2015; NRC, 2012),
the concentration of phosphorus is relatively high. Most of the phosphorus in maize is bound to phytate and the digestibility
is, therefore, usually less than 35% (Almeida and Stein, 2010, 2012; NRC, 2012; Rojas et al., 2013). However, fermentation
or soaking in water results in release of most of the phosphorus from phytate and maize co-products from the wet milling
industry and DDGS, which has been fermented, have digestibility of phosphorus that is between 55 and 80% (Almeida and
Stein, 2010, 2012; Rojas et al., 2013; Widmer et al., 2007).

Distillers dried grains with solubles may be included in diets fed to all categories of pigs by up to 30% without impacting
growth performance of pigs (Stein and Shurson, 2009), although fat depots of finishing pigs may contain more unsaturated
fatty acids if DDGS is used in the diets (Whitney et al., 2006; Widmer et al., 2008; Benz et al., 2010). This may increase iodine
values of belly fat and back fat and reduce shelf life (Leick et al., 2010). Inclusion of up to 45% maize DDGS in diets for finishing



Table 5
Composition of maize coproducts.

Item

Ingredient

Maize germ meal

Maize gluten meal

Maize gluten feed

Maize germ <30% fat

Maize germ >30% fat

Maize extractives, liquid

N X SD N X SD N X SD N X SD N X SD N X SD
Gross energy, MJ/kg 6 17.7 0.3 29 20.8 0.9 11 17.4 0.9 11 19.8 0.6 1 248 - 1 8.4 -
Dry matter, g/kg 4 894.0 5.0 28 911.0 12.0 16 895.0 34.0 15 905.0 22.0 1 936.0 - 1 608.0 -
Crude protein, g/kg 6 226.0 20.0 35 575.0 75.0 20 209.0 28.0 18 150.0 9.0 1 170.0 - 1 244.0 -
Acid hydrolyzed ether extract, g/kg 2 18.0 6.0 4 51.0 13.0 2 41.0 1.0 2 174.0 10.0 1 306.0 - 1 20.0 -
Ash, g/kg 6 29.0 8.0 27 21.0 9.0 18 59.0 10.0 11 54.0 11.0 - - - - - -
Starch, g/kg 5 147.0 12.0 21 202.0 86.0 16 163.0 68.0 8 229.0 19.0 1 119.0 - 1 240.0 -
Acid detergent fiber, g/kg 5 109.0 4.0 24 32.0 19.0 11 92.0 18.0 9 62.0 17.0 1 182.0 - - - -
Neutral detergent fiber, g/kg 5 493.0 86.0 23 61.0 29.0 16 327.0 69.0 11 205.0 48.0 1 409.0 - - - -
Total dietary fiber, g/kg 4 419.0 9.0 3 58.0 48.0 4 354.0 57.0 2 198.0 37.0 - - - - - -
Calcium, g/kg 4 1.4 14 17 0.4 0.6 8 1.5 2.1 9 0.4 0.4 1 0.3 - 1 0.7 -
Phosphorus, g/kg 4 204 25.1 22 2.4 2.7 7 8.2 13 9 12.8 1.2 1 7.0 - 1 276 -
Indispensable amino acids, g/kg
Arginine 5 15.8 1.8 29 16.8 3.9 7 9.5 1.1 10 10.8 0.8 1 12.6 - 1 10.2 -
Histidine 5 7.6 2.3 28 115 2.6 7 6.2 0.8 10 4.2 0.2 1 4.9 - 1 8.5 -
Isoleucine 5 7.8 1.0 29 215 34 7 6.5 0.8 10 4.5 0.2 1 6.3 - 1 6.1 -
Leucine 5 15.8 4.7 29 90.7 13.9 7 17.9 2.0 10 10.7 0.6 1 13.0 - 1 12,5 -
Lysine 5 113 3.2 29 9.8 32 7 7.1 2.3 10 7.9 0.4 1 7.3 - 1 7.1 -
Methionine 5 53 2.8 28 13.6 29 8 32 0.3 10 2.5 0.2 1 3.1 - 1 2.2 -
Phenylalanine 5 8.7 2.9 29 342 4.9 7 7.3 0.8 10 5.7 0.3 1 7.7 - 1 5.6 -
Threonine 5 8.4 0.6 29 18.1 32 7 7.8 2.0 10 5.1 0.2 1 6.3 - 1 7.0 -
Tryptophan 5 3.2 2.6 27 2.8 0.7 6 1.1 0.3 10 1.1 0.2 1 1.2 - 1 13 -
Valine 5 11.6 3.1 29 243 4.2 7 10.0 1.1 10 7.2 0.4 1 104 - 1 10.7 -
Dispensable amino acids, g/kg
Alanine 5 13.4 1.2 26 45.6 7.5 5 13.7 2.1 8 9.0 0.4 1 104 - 1 16.4 -
Aspartic acid 5 159 14 26 31.6 5.8 5 12.1 1.9 8 11.1 0.7 1 12.5 - 1 12.0 -
Cysteine 4 34 0.1 27 10.8 1.9 8 4.5 0.5 10 3.0 0.3 1 2.1 - 1 6.6 -
Glutamic acid 5 24.5 121 26 109.0 18.1 5 29.3 3.8 8 19.4 1.8 1 21 - 1 28.1 -
Glycine 5 15.7 7.3 25 134 34 5 9.2 1.2 8 7.5 0.5 1 9.6 - 1 13.1 -
Proline 5 10.4 0.8 26 49.8 7.4 5 16.7 2.7 8 9.3 0.6 1 7.6 - 1 227 -
Serine 5 9.3 13 26 25.6 4.7 5 7.6 1.2 8 5.7 0.5 1 6.7 - 1 6.7 -
Tyrosine 5 6.8 0.8 25 26.6 4.3 7 58 0.9 10 4.7 0.3 1 4.9 - 1 5.8 -
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Table 6
Composition of maize coproducts, continued.

Item Ingredient

Maize hominy feed =~ Maize DDGS® <4%0il Maize DDGS5-9%o0il ~Maize DDGS >9% 0il ~ Maize bran

N X SD N X SD N X SD N X SD N X SD
Gross energy, MJ/kg 7 17.5 0.8 5 196 1.6 23 19.6 0.7 136 199 2.5 7 181 0.7
Dry matter, g/kg 9 8770 160 6 8650 440 62 889.0 19.0 182 8920 180 7 8940 14.0
Crude protein, g/kg 13 96.0 160 7 2780 380 58 2750 210 213 2680 290 9 1090 29.0
Acid hydrolyzed ether extract, g/lkg 1 64.0 350 - - - 7 62.0 37.0 8 127.0 220 2 270 6.0
Ash, g/kg 8 220 8.0 5 490 8.0 48 410 10.0 86 41.0 8.0 6 360 14.0
Starch, g/kg 8 483.0 900 3 510 430 19 640 39.0 86 65.0 170 5 2300 570
Acid detergent fiber, g/kg 7 43.0 8.0 4 1420 250 46 1180 27.0 168 1140 280 4 920 53.0
Neutral detergent fiber, g/kg 7 1650 360 4 3670 53.0 47 3280 59.0 181 3310 580 5 411.0 2120
Total dietary fiber, g/kg 2 1180 240 2 2610 900 4 2980 420 14 2920 370 1 2420 -
Calcium, g/kg 5 0.6 13 3 22 3.0 37 1.0 1.0 64 1.5 2.1 5 20 1.8
Phosphorus, g/kg 5 4.6 2.8 3 80 0.6 38 6.8 1.9 135 74 1.2 3 41 34
Indispensable amino acids, g/kg
Arginine 7 5.4 13 4 124 1.0 47 118 1.6 190 116 2.0 5 62 1.4
Histidine 6 2.9 0.5 4 76 0.9 45 73 0.8 184 73 0.9 5 34 0.5
Isoleucine 7 33 0.6 5 110 1.7 50 103 1.0 192 101 14 5 36 0.6
Leucine 7 9.7 1.1 4 339 4.8 49 320 3.7 191 314 4.0 5 107 0.9
Lysine 7 3.8 0.9 5 85 25 53 83 1.6 193 8.0 1.7 5 45 1.0
Methionine 7 1.8 03 5 53 0.7 53 55 0.8 192 54 1.0 5 19 0.3
Phenylalanine 6 44 0.3 4 1438 2.5 45 134 14 184 13.0 1.6 5 43 1.0
Threonine 7 3.6 0.8 5 107 13 52 10.0 0.7 192 10.0 1.7 5 44 0.8
Tryptophan 7 0.8 0.2 5 20 0.5 52 21 04 177 2.0 0.4 5 07 0.1
Valine 7 4.8 0.9 5 144 1.7 50 136 1.2 192 136 1.8 5 54 0.9
Dispensable amino acids, g/kg
Alanine 4 7.1 13 4 20.2 25 37 195 2.4 178 189 23 5 7.6 1.2
Aspartic acid 4 7.1 1.0 4 185 0.5 37 570 237.0 178 175 23 5 73 1.5
Cysteine 7 2.0 0.4 5 53 0.4 43 5.1 0.9 183 5.0 1.0 5 23 03
Glutamic acid 4 15.8 2.8 4 390 10.6 37 45.1 9.3 168 40.3 8.1 5 1538 1.9
Glycine 4 4.7 0.8 4 116 0.6 35 10.8 1.1 160 103 1.2 5 53 1.2
Proline 4 7.9 2.1 4 1938 33 36 210 44 176 204 2.6 5 86 1.2
Serine 4 44 0.9 4 129 0.9 37 126 1.6 178 115 1.7 5 47 0.8
Tyrosine 6 33 0.6 4 110 0.3 30 108 13 138 9.9 1.8 5 32 0.5

2 DDGS =distillers dried grains with solubles.

pigs did not dramatically reduce growth performance of pigs (Cromwell et al., 2011), whereas 40 or 50% inclusion of maize
DDGS in diets fed to lactating sows may result in reduced feed intake and reduced litter performance (Greiner et al., 2015).

As is the case for maize DDGS, low-fat maize germ meal may be used in diets for growing and finishing pigs by up to
30% without changing animal growth performance (Lee et al., 2012). For the remaining maize co-products, there are limited
data on optimum inclusion levels in diets for weanling, growing, or reproducing pigs.

3.2. Sorghum co-products

The main co-product available from sorghum is sorghum DDGS, which is produced in the western maize belt in the
United States. The concentration of CP in sorghum DDGS is slightly greater than in maize DDGS, but the concentration of
most indispensable AA in sorghum DDGS is within the range reported for maize DDGS (Urriola et al., 2009; Sotak et al., 2014),
but fiber concentrations may be greater. As is the case for wheat DDGS and maize DDGS, the composition of fiber in sorghum
DDGS reflects the composition in the parent grain (Jaworski et al., 2015). The ME and the digestibility of AA is within the
range reported for maize DDGS (Urriola et al., 2009; Adeola and Kong, 2014; Sotak et al., 2014). Information about inclusion
rates for sorghum DDGS is very limited, but it is believed that up to 30% may be included in diets fed to growing-finishing
pigs and reproducing sows (Fioli et al., 2007; Tokach et al., 2012), although it has been concluded that inclusion of sorghum
DDGS to diets fed to growing-finishing pigs will linearly reduce growth performance (Sotak et al., 2015). It was also observed
that inclusion of sorghum DDGS rather than corn DDGS in diets fed to finishing pigs results in firmer backfat and a whiter
color (Sotak et al., 2015).

3.3. Wheat co-products

The main wheat co-products that are available for feeding of animals are the co-products from the wheat flour industry
and from the fuel ethanol industry. In most countries, co-products from the wheat flour industry are collectively known as
wheat middlings, but due to the variability among the co-products caused by different processing procedures used in the
flour industry, wheat middlings is sometimes divided according to protein and fiber concentrations and called wheat shorts,
wheat red dog, wheat mill run, and wheat bran (Nortey et al., 2008). However, in most countries only wheat middlings and



Table 7

Concentration of digestible, metabolizable, and net energy, coefficient of standardized ileal digestibility (SID) of amino acids, and coefficient of standardized total tract digestibility (STTD) of phosphorus in maize

coproducts.

Item

Ingredient

Maize germ meal

Maize gluten meal

Maize gluten feed

Maize germ <30% fat

Maize germ >30% fat

Maize extractives, liquid

N X SD N X SD N X SD N X SD N X SD N X SD
Digestible energy, MJ/kg 1 12.9 - 20 19.3 1.2 3 115 1.1 2 15.4 - 1 14.2 - 1 7.1 -
Metabolizable energy, MJ/kg 1 11.8 - 19 18.5 0.8 5 10.8 04 5 145 0.8 1 13.1 - 1 6.3 -
Net energy, MJ/kg 1 8.9 - 1 134 - 1 8.0 - 1 10.9 - 1 10.1 - - - -
SID indispensable amino acids
Arginine 2 0.890 0.017 24 0.900 0.023 5 0.850 0.098 4 0.850 0.036 1 0.810 - 1 0.750 -
Histidine 2 0.770 0.011 24 0.890 0.037 5 0.740 0.056 4 0.700 0.029 1 0.750 - 1 0.700 -
Isoleucine 2 0.770 0.003 24 0.910 0.026 5 0.770 0.076 4 0.590 0.044 1 0.670 - 1 0.670 -
Leucine 2 0.800 0.009 24 0.940 0.027 5 0.820 0.059 4 0.680 0.005 1 0.710 - 1 0.700 -
Lysine 2 0.650 0.052 24 0.830 0.039 5 0.600 0.179 4 0.610 0.061 1 0.580 - 1 0.450 -
Methionine 2 0.810 0.005 23 0.930 0.045 5 0.800 0.075 4 0.700 0.044 1 0.680 - 1 0.650 -
Phenylalanine 2 0.810 0.011 24 0.930 0.029 5 0.820 0.086 4 0.650 0.018 1 0.710 - 1 0.710 -
Threonine 2 0.690 0.038 24 0.870 0.037 5 0.700 0.093 4 0.550 0.037 1 0.640 - 1 0.530 -
Tryptophan 2 0.830 0.029 23 0.720 0.103 5 0.710 0.119 4 0.650 0.043 1 0.780 - 1 0.770 -
Valine 2 0.760 0.002 24 0.900 0.027 5 0.740 0.069 4 0.640 0.049 1 0.670 - 1 0.690 -
SID dispensable amino acids
Alanine 2 0.750 0.018 23 0.910 0.033 3 0.740 0.086 2 0.640 - 1 0.630 - 1 0.710 -
Aspartic acid 2 0.650 0.017 23 0.880 0.027 3 0.640 0.069 2 0.600 - 1 0.590 - 1 0.430 -
Cysteine 2 0.610 0.039 22 0.870 0.029 5 0.610 0.067 4 0.650 0.023 1 0.580 - 1 0.420 -
Glutamic acid 2 0.780 0.003 23 0.920 0.031 3 0.760 0.042 2 0.720 - 1 0.730 - 1 0.540 -
Glycine 2 0.600 0.128 23 0.780 0.108 3 0.600 0.189 2 0.760 - 1 0.650 - 1 0.440 -
Proline 2 0.620 0.528 23 0.810 0.097 3 0.720 0.599 2 0.840 - 1 0.180 - 1 0.600 -
Serine 2 0.730 0.029 23 0.910 0.029 3 0.720 0.081 2 0.650 - 1 0.700 - 1 0.570 -
Tyrosine 2 0.790 0.011 21 0.930 0.028 5 0.820 0.062 4 0.600 0.022 1 0.690 - 1 0.760 -
STTD, phosphorus 1 0.532 - 1 0.804 - 5 0.423 0.249 4 0.372 0.040 - - - - - -
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Table 8
Concentration of digestible, metabolizable, and net energy, coefficient of standardized ileal digestibility (SID) of amino acids, and coefficient of standardized total tract digestibility (STTD) of phosphorus in maize
coproducts, continued.

Item Ingredient
Maize hominy feed Maize DDGS? <4% oil Maize DDGS 5-9% oil Maize DDGS >9% oil Maize bran
N X SD N X SD N X SD N X SD N X SD
Digestible energy, M]/kg 1 14.2 - 3 12.1 1.6 15 15.1 0.8 62 14.8 1.0 1 12.1 -
Metabolizable energy, M]/kg 6 14.0 0.5 3 11.2 1.4 14 14.3 1.0 32 14.4 0.9 3 115 0.05
Net energy, MJ/kg 1 10.1 - 3 7.9 1.1 1 10.5 - 2 8.0 0.2 1 8.5 -
SID indispensable amino acids
Arginine 4 0.900 0.049 2 0.830 - 9 81 6.3 100 0.820 0.057 1 0.890 -
Histidine 4 0.790 0.074 2 0.750 - 9 80 2.6 100 0.790 0.046 1 0.830 -
Isoleucine 4 0.770 0.070 2 0.750 - 9 72 12.3 100 0.760 0.059 1 0.810 -
Leucine 4 0.840 0.024 2 0.840 - 9 87 1.9 100 0.840 0.037 1 0.840 -
Lysine 4 0.670 0.088 2 0.500 - 9 62 6.0 100 0.620 0.089 1 0.740 -
Methionine 4 0.850 0.053 2 0.800 - 9 80 9.0 100 0.820 0.049 1 0.860 -
Phenylalanine 4 0.840 0.037 2 0.810 - 9 83 33 100 0.820 0.038 1 0.830 -
Threonine 4 0.690 0.073 2 0.690 - 9 71 33 100 0.710 0.053 1 0.740 -
Tryptophan 4 0.730 0.157 2 0.780 - 9 67 9.5 100 0.730 0.091 1 0.750 -
Valine 4 0.760 0.067 2 0.740 - 9 79 4.2 100 0.760 0.048 1 0.790 -
SID dispensable amino acids
Alanine 3 0.810 0.024 2 0.790 - 9 82 2.6 100 0.800 0.046 1 0.800 -
Aspartic acid 3 0.750 0.082 2 0.650 - 9 72 35 100 0.700 0.051 1 0.730 -
Cysteine 4 0.720 0.062 2 0.670 - 9 71 714 100 0.740 0.057 1 0.730 -
Glutamic acid 3 0.840 0.042 2 0.790 - 9 83 84.3 100 0.810 0.052 1 0.800 -
Glycine 3 0.790 0.176 2 0.650 - 9 66 75.3 100 0.660 0.106 1 0.700 -
Proline 2 1.120 1.111 2 0.880 - 9 74 93.6 100 0.760 0.208 1 0.770 -
Serine 3 0.810 0.042 2 0.770 - 9 79 73.9 100 0.770 0.050 1 0.810 -
Tyrosine 4 0.850 0.049 2 0.820 - 3 78 76.4 65 0.820 0.044 1 0.850 -
STTD, phosphorus 2 0.591 0.219 - - - 10 121 57.7 23 0.703 0.083 - - -

2 DDGS=distillers dried grains with solubles.
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Table 9
Composition of other cereal coproducts.
Item Ingredient
Barley DDGS? Sorghum DDGS  Triticale DDGS ~ Wheat bran Wheat DDGS Wheat middlings

N X SD N X SD N X SD N X SD N X SD N X SD

Gross energy, MJ/kg - - - 1 222 - 2 188 03 11 169 05 27 193 09 4 167 05
Dry matter, g/kg 21 8790 110 6 9020 140 3 8980 4.0 15 886.0 22.0 52 9270 220 26 8920 14.0
Crude protein, g/kg 31 2730 210 6 3080 170 3 293.0 160 19 153.0 14.0 58 3640 300 30 159.0 14.0
Acid hydrolyzed ether extract, glkg - - - - - - - - - - - - 2 750 05 1 49.0 -
Ash, g/kg 21 350 40 4 790 460 3 390 09 12 480 11.0 40 490 50 8 33.0 16.0
Starch, g/kg 19 3530 750 - - - - - - 9 2290 950 25 220 11.0 2 4290 63.0
Acid detergent fiber, g/kg 16 103.0 100 6 2270 31.0 3 1220 120 11 116.0 16.0 43 1270 290 9 820 31.0
Neutral detergent fiber, g/kg 17 131.0 240 6 346.0 520 3 3230 51.0 12 349.0 740 49 339.0 73.0 22 339.0 83.0
Total dietary fiber, g/kg - - - - - - - - - 1 3550 - - - - - - -
Calcium, g/kg 2 10 - 1 12 - 1 06 - 4 10 01 17 15 05 23 1.2 0.6
Phosphorus, g/kg 2 56 21 1 76 - 1 7.0 - 4 102 13 20 88 0.7 23 100 1.7
Indispensable amino acids, g/kg
Arginine 19 243 31 2 110 - 2 136 09 4 838 29 30 137 40 21 108 12
Histidine 21 7.2 05 2 741 - 2 63 02 4 40 05 29 72 20 21 44 03
Isoleucine 25 113 10 4 131 06 2 112 03 4 48 05 30 120 32 22 51 0.3
Leucine 25 194 20 4 405 14 2 203 04 4 87 1.7 30 230 61 21 102 0.7
Lysine 25 165 20 4 79 1.3 2 76 1.0 4 56 07 33 70 24 22 65 0.5
Methionine 25 19 02 4 54 03 2 48 01 4 23 04 27 50 1.5 22 25 0.1
Phenylalanine 21 119 11 2 168 - 2 142 01 4 54 14 30 155 43 21 64 0.5
Threonine 25 9.1 1.3 4 107 03 2 95 - 4 55 1.0 32 105 27 22 53 0.3
Tryptophan 15 24 02 4 27 09 2 24 - 2 21 0.2 15 3.0 12 20 19 0.2
Valine 25 122 13 4 165 02 2 141 03 4 68 09 30 149 39 22 73 0.5
Dispensable amino acids, g/kg
Alanine 19 105 12 2 290 - 2 128 04 3 140 103 23 123 37 3 6.2 0.5
Aspartic acid 19 280 34 2 217 - 2 160 01 3 257 259 22 163 51 1 101 -
Cysteine 23 34 03 4 52 04 2 64 01 3 46 24 22 60 21 20 34 0.3
Glutamic acid 19 440 65 2 631 - 2 663 18 3 435 401 23 8.1 286 1 311 -
Glycine 19 109 15 2 103 - 2 128 01 3 119 73 23 133 40 3 70 0.4
Proline 13 99 34 2 250 - 2 261 1.0 2 49 69 22 249 96 3 149 43
Serine 19 122 24 2 140 - 2 121 - 3 123 98 23 148 47 3 86 0.9
Tyrosine 7 84 14 - - - 2 83 02 4 54 36 15 96 37 3 36 0.6

2 DDGS=distillers dried grains with solubles.

wheat bran are marketed. A review over composition and nutritional value of wheat co-products was recently published
(Rosenfelder et al., 2013). The concentration of total dietary fiber in wheat middlings and wheat bran is usually between 25
and 35% (Tables 9 and 10), and the composition of the dietary fiber in these ingredients is not different from that in wheat
(Jaworski et al., 2015). However, there may be between 20 and up to 60% starch left in the co-products, which influences
energy digestibility and concentration of metabolizable and net energy (Huang et al., 2012). In general, the lower starch
concentration in the wheat co-product, the greater is the concentration of fiber, and there is a negative linear correlation
between the concentration of neutral detergent fiber and the concentration of digestible energy in wheat co-products (Huang
et al., 2014). However, in most cases, the metabolizable and net energy values in wheat middlings and wheat bran are less
than in wheat, but it may be possible to increase the energy value of wheat middlings and other wheat co-products by
addition of a carbohydrase enzyme to the diet (Nortey et al., 2008; Cozannet et al., 2012). Likewise, the SID of AA is also less
in wheat middlings and wheat bran compared with wheat (Yin et al., 2000; Eklund et al., 2014), which is mainly a result
of increased endogenous losses caused by the increased fiber in the wheat co-products (Yin et al., 2000). In contrast, the
concentration of phosphorus is relatively high in wheat co-products and as is the case for wheat, due to intrinsic phytases,
the digestibility of phosphorus in wheat co-products is greater than in many cereal grains.

Wheat co-products may be included in diets fed to weanling pigs by up to 20% if diets are formulated to similar concen-
trations of SID AA and net energy (Garcia et al., 2015). However feeding 10 or 20% wheat middlings to growing-finishing
pigs may reduce growth performance and dressing percentage of pigs (Salyer et al., 2012).

Production of ethanol from wheat is practiced in China, Canada and some countries in Europe, and the resulting wheat
DDGS may also be fed to pigs (Rosenfelder et al., 2013). The concentration of protein in wheat DDGS is greater than in maize
DDGS, but the concentration of indispensable AA is not always greater than in maize DDGS (Yang et al., 2010). The SID of
most AA is not different between maize DDGS and wheat DDGS although the SID of Lys sometimes is very low in wheat
DDGS (Nyachoti et al., 2005; Stein and Shurson, 2009; Cozannet et al., 2010a). The concentration of starch is reduced and
the concentration of fiber and crude fat is increased in wheat DDGS compared with wheat (Widyaratne and Zijlstra, 2007;
Cozannet et al., 2010b), but the combined effects of these changes results in values for metabolizable and net energy that
are within the range of values reported for wheat (Cozannet et al., 2010b).

Conflicting results have been observed in experiments in which wheat DDGS has been included in diets fed to growing
finishing pigs. No effect of inclusion of inclusion of up to 20% wheat DDGS were observed in one experiment (Thacker, 2009),
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Table 10
Concentration of digestible, metabolizable, and net energy, coefficient of standardized ileal digestibility (SID) of amino acids, and coefficient of standardized
total tract digestibility (STTD) of phosphorus in other cereal coproducts.

Item Ingredient
Barley DDGS? TriticaleDDGS Sorghum DDGS Wheat bran Wheat DDGS Wheat middlings
N X SD N X SD N X SD N X SD N X SD N X SD
Digestible energy, MJ/kg - - - 1 156 - 2 155 1.1 2 96 0.4 6 132 13 2 113 03
Metabolizable energy, MJ/kg - - - 1 139 - 2 144 13 1 95 - 3 116 1.8 2 112 0.06
Net energy, MJ/kg - - - - - - 1 100 - 1 67 - 3 78 0.7 1 80 -
SID indispensable amino acids
Arginine 17 0850 0215 - - - 2 079 - 4 0.880 0.049 9 0820 0.043 3 0910 0.039
Histidine 19 0800 0.073 - - - 2 0720 - 4 0780 0.034 10 0.750 0.054 3 0.870 0.057
Isoleucine 24 0.810 0.053 - - - 2 0740 - 4 0750 0.024 10 0.730 0.063 3 0.830 0.080
Leucine 24 0.820 0.050 - - - 2 0770 - 4 0750 0.053 10 0.800 0.040 3 0.840 0.077
Lysine 24 0.850 0.042 - - 2 0640 - 4 0710 0.104 10 0510 0.111 3 0.800 0.082
Methionine 23 0730 0.117 - - - 2 0770 - 3 0.760 0.035 8 0.740 0.084 3 0.860 0.064
Phenylalanine 19 0.800 0.061 - - - 2 0770 - 4 0.810 0.040 10 0.840 0.029 3 0.870 0.071
Threonine 24 0.780 0.063 - - - 2 0700 - 4 0660 0.047 10 0.710 0.055 3 0.770 0.094
Tryptophan 13 0630 0095 - - - 2 0720 - 3 0.740 0.014 5 0.640 0318 3 0.820 0.082
Valine 24 0.780 0.051 - - - 2 0740 - 4 0760 0.065 10 0.730 0.052 3 0.810 0.075
SID dispensable amino acids
Alanine 17 0.780 0.057 - - - 2 0750 - 3 0690 0072 6 0700 0.021 1 0720 -
Aspartic acid 17 0.850 0.041 - - - 2 069 - 3 0730 0.059 6 0590 0.056 1 0.760 -
Cysteine 22 0.620 0.109 - - - 2 0670 - 2 0750 0035 5 0760 0.088 3 0820 0.079
Glutamic acid 17 0.880 0.032 - - 2 0770 - 3 0890 0053 6 0870 0.015 1 0890 -
Glycine 17 0.760 0.086 - - - 2 069 - 3 0700 0.174 6 0.720 0.042 1 0.730 -
Proline 10 0830 0.189 - - - 2 0760 0.031 2 0870 0.079 6 0900 0.079 - 0.890 -
Serine 17 0.830 0.048 - - - 2 0760 0031 3 0770 0.077 6 0770 0.029 1 0800 -
Tyrosine 9 0.820 0.068 - - - - - - 3 0720 0.138 5 0.800 0.038 3 0.840 0.079
STTD, phosphorus 1 0389 - - - - - - - 2 0545 0.058 3 0579 0.056 5 0.553 0.105

2 DDGS =distillers dried grains with solubles.

but inclusion of up to 20 or 40% wheat DDGS has resulted in reduced growth performance of growing-finishing pigs in
other experiments (Widyaratne et al., 2009; Thacker, 2012;). Inclusion of carbohydrases in diets containing wheat DDGS
has generally not improved growth performance of pigs (Emiola et al., 2009; Widyaratne et al., 2009). It is possible that the
differences in responses to feeding wheat DDGS are caused by reduced digestibility of lysine and other AA, because some
sources of DDGS may be over-heated during production, which results in reduced SID of AA (Cozannet et al., 2010a).

3.4. Bakery meal

Bakery meal is a co-product from the food industry and consists of unsalable bread, cookies, dough, flour, cakes, and other
products (Slominski et al., 2004). Because of differences in the product mixes, there can be great variability in the chemical
composition of bakery meal with fat varying from 4 to 12% (Arosemena et al., 1995; Slominski et al., 2004; Tables 11 and 12).
On average, bakery meal contains approximately 12% CP, 8% fat, 35-40% starch, and 7-17% NDF (Arosemena et al., 1995;
Slominski et al., 2004; Almeida et al., 2011). The concentration of Ca is less than 0.20% and the concentration of P is around
0.50% (Arosemena et al., 1995; Almeida et al., 2011; Rojas et al., 2013). The majority of the P in bakery meal is not bound to
phytate, which is likely a consequence of the high concentration of wheat in the product and the heat treatment that has
taken place during processing (Rojas et al., 2013).

The SID of most AA in bakery meal is between 70 and 80% and generally similar to that in some maize co-products such
as maize DDGS, maize germ meal, and hominy feed (Almeida et al., 2011; Casas et al., 2015). However, the digestibility of
lysine is less than for other AA, which is most likely a consequence of overheating during processing (Almeida et al., 2011).
The concentration of ME in bakery meal is less than in maize, but close to that in hominy feed (Rojas et al., 2013). The STTD
of P in bakery meal has been reported at 58% if no phytase is used and 64% if microbial phytase is added to the diet (Rojas
et al, 2013).

There are no published studies indicating how much bakery meal can be included in diets fed to pigs, but because of the
relatively high concentrations of sugar and fat, bakery meal generally is palatable and easily consumed by pigs. The greatest
challenge in diet formulations with bakery meal, therefore, is the variability in product composition, and the relatively low
values for SID lysine.

3.5. Rice co-products

In the process of producing polished white rice for human consumption, co-products that may have nutritional value for
animals are also produced. These co-products include broken rice, rice bran, rice hulls, and rice polishings.
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Table 11
Composition of bakery meal and rice coproducts.
Item Ingredient
Bakery meal Broken rice Brown rice Full fat rice bran Defattedricebran Rice mill feed
N X Sb N X sb N X Sb N X SD N X Sb N X SD
Gross energy, MJ/kg 2 174 04 7 162 10 1 161 - 6 193 20 2 176 09 1 178 -
Dry matter, g/kg 5 8950 200 12 8740 160 1 8810 - 7 9200 300 3 9120 80 1 9100 -
Crude protein, g/kg 9 1130 180 14 800 10 1 950 - 11 1410 160 5 1630 180 1 709 -
Acid hydrolyzed ether extract,g/kg 2 740 3.0 2 210 180 1 320 - 2 1820 160 1 11.0 - 1 50.1 -
Ash, g/kg 4 530 160 11 110 60 1 120 - 7 1140 450 2 1170 30 1 1420 -
Starch, g/kg 3 4090 250 5 7540 330 1 8090 - 4 3180 1070 2 2730 150 1 1120 -
Acid detergent fiber, g/kg 4 490 140 4 130 70 1 140 - 2 930 20 1 1200 - 1 4340 -
Neutral detergent fiber, g/kg 4 1350 480 7 380 330 1 270 - 7 221.0 750 2 2140 300 1 4570 -
Total dietary fiber, g/kg - - - 1 140 - 1 340 - - - - - - - 1 5450 -
Calcium, g/kg 4 16 03 2 01 00 1 01 - 7 12 0.9 2 11 00 1 1.1 -
Phosphorus, g/kg 4 38 1.0 3 17 05 1 27 - 7 200 30 2 258 00 1 63 -
Phytate, g/kg 2 20 03 2 17 07 1 79 - 4 276 205 1 843 - 1 201 -
Indispensable amino acids, g/kg
Arginine 7 5.0 0.6 6 6.8 14 1 63 - 9 114 1.1 5 126 2.1 1 43 -
Histidine 7 25 04 6 22 06 1 24 - 9 38 04 5 44 08 1 1.7 -
Isoleucine 7 41 07 6 36 06 1 37 - 9 49 0.3 5 56 05 1 23 -
Leucine 7 87 16 6 74 1.7 1 72 - 9 99 0.6 5 114 10 1 46 -
Lysine 7 3.0 08 6 33 06 1 36 - 9 62 0.6 5 79 07 1 32 -
Methionine 7 1.7 03 6 65 07 1 22 - 9 28 0.3 5 33 02 1 13 -
Phenylalanine 7 50 07 6 47 1.2 1 45 - 9 62 0.4 5 71 05 1 28 -
Threonine 7 35 06 6 33 1.0 1 3.0 - 9 52 0.4 5 6.0 06 1 25 -
Tryptophan 7 11 03 5 08 03 1 09 - 9 17 0.2 5 20 03 1 05 -
Valine 7 50 07 6 37 13 1 53 - 9 75 0.5 5 86 09 1 36 -
Dispensable amino acids, g/kg
Alanine 4 55 11 5 52 1.5 1 50 - 6 86 0.5 4 100 13 1 46 -
Aspartic acid 4 6.0 14 5 85 26 1 78 - 6 122 07 4 144 17 1 59 -
Cysteine 7 22 04 6 15 03 1 19 - 9 28 0.2 5 32 03 1 14 -
Glutamic acid 4 225 65 5 171 56 1 150 - 6 190 1.6 4 221 29 1 87 -
Glycine 4 53 1.8 5 41 1.1 1 40 - 6 77 0.6 4 86 1.5 1 35 -
Proline 4 92 23 5 44 14 1 38 - 6 65 0.6 4 75 08 1 3.0 -
Serine 4 4.7 1.2 5 4.7 1.5 1 4.0 - 6 6.4 0.6 4 71 1.1 1 27 -
Tyrosine 7 3.6 09 6 34 11 1 17 - 6 35 0.8 4 37 1.1 1 12 -
Table 12

Concentration of digestible, metabolizable, and net energy, coefficient of standardized ileal digestibility (SID) of amino acids, and coefficient of standardized
total tract digestibility (STTD) of phosphorus in bakery meal and rice coproducts.

Item Ingredient
Bakery meal Broken rice Brown rice Full fat rice bran Defatted rice bran
N X SD N X SD N X SOD N X SD N X SD
Digestible energy, MJ/kg 2 15.6 1.3 2 16.2 1.8 1 17.2 - 2 14.8 2.6 2 11.0 2.5
Metabolizable energy, M]/kg 2 14.8 1.8 2 16.0 1.8 1 17.0 - 2 13.6 2.2 2 10.5 2.5
Net energy, MJ/kg 1 125 - 1 11.6 - - - - 1 9.5 - 1 6.5 -
SID, indispensable amino acids
Arginine 4 0.920 0.025 2 0.970 0.029 - - - 5 0.890 0.038 2 0.880 0.033
Histidine 4 0.850 0.086 2 0.940 0.020 - - - 5 0.860 0.022 2 0.840 0.015
Isoleucine 5 0.870 0.093 2 0.920 0.016 - - - 5 0.750 0.075 2 0.750 0.042
Leucine 5 0.880 0.055 2 0.930 0.013 - - - 5 0.760 0.068 2 0.760 0.027
Lysine 5 0.710 0.129 2 0.910 0.044 - - - 5 0.790 0.068 2 0.770 0.069
Methionine 5 0.870 0.059 2 0.900 0.015 - - - 5 0.800 0.071 2 0.760 0.045
Phenylalanine 4 0890 0079 2 0920 0.026 - - - 5 0750 0.058 2 0.750 0.042
Threonine 5 0.760 0.102 2 0.900 0.064 - - - 5 0.740 0.061 2 0.750 0.033
Tryptophan 5 0.860 0.037 2 0.910 0.052 - - - 4 0.770 0.074 2 0.750 0.069
Valine 5 0.850 0.093 2 0.920 0.032 - - - 5 0.760 0.078 2 0.760 0.039
SID, dispensable amino acids
Alanine 2 0.790 0.079 1 0.950 - - - - 3 0.800 0.088 1 0.820 -
Aspartic acid 2 0.700 0.116 1 0.940 - - - - 3 0.780 0.065 1 0.770 -
Cysteine 5 0.870 0.109 2 0.880 0.086 - - - 5 0.720 0.071 2 0.720 0.040
Glutamic acid 2 0.870 0.080 1 0.940 - - - - 3 0.840 0.041 1 0.820 -
Glycine 2 0.880 0.012 1 1.040 - - - - 3 0.750 0.074 1 0.780 -
Proline 2 1380 0281 1 1.850 - - - - 3 1.050 0373 1 1350 -
Serine 2 0.810 0.076 1 0.960 - - - - 3 0.780 0.071 1 0.780 -
Tyrosine 2 0.850 0.106 1 0.880 - - - - 3 0.780 0.035 1 0.780 -
STTD, phosphorus 1 0.586 - 1 0.578 0.252 1 0.317 - 6 0.285 0.113 1 0.331 -
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Intact rice with the hull is called “paddy rice” or “rough” rice. Rice processing is aimed at producing unbroken rice with
a specific size, color, and shelf-life. The process consists mainly of drying, grain cleaning, dehulling, decortication, polishing
and sizing products (Serna-Saldivar, 2010). The edible portion of polished rice makes up 60-72% of the total weight, with
the remaining 28-40% being co-products and waste (Singh et al., 2013a). The percentages of the individual co-products
produced depend on milling rate, type of rice, and other factors. On average, the proportions are: hulls, 20%; bran, 10%;
polishing, 3%; and broken rice, 1-17% (Heuzé and Tran, 2011).

When paddy rice is dehulled, it passes between 2 rubber-coated rolls that turn in opposite directions and are run at
a speed differential. The pressure and shear remove the hulls. The pressure exerted by the rolls can be varied according
to the rice variety (Delcuour and Hoseney, 2010). After separation, the hull is removed by aspiration and the remaining
rough rice is separated by a technique based on bulk density on a gravity separator. Products produced after these steps
are approximately 20% hulls, and 80% brown rice, including broken brown rice (Delcuour and Hoseney, 2010). However,
rice hulls contain mainly lignin and silica and has no nutritional value (Casas and Stein, 2015) and rice hulls is therefore not
included in diets fed to pigs.

Milling of brown rice results in removal of the bran by pearling and the resulting product is white rice. In the pearler or
milling machine, some rice breakage occurs. Dry calcium carbonate (approximately 3.3 g/kg) is added to the brown rice to
improve the efficiency of milling because it acts as an abrasive that contribute to removing the bran (Serna-Saldivar, 2010).
As a consequence, rice co-products may contain variable quantities of calcium. After milling, the loose bran is removed by an
aspirator, and the milled rice can then be polished. After polishing, the head rice is separated from broken rice by screening or
by disk separators. The products obtained after these steps are head rice, broken rice, rice bran, and rice polishings (Delcuour
and Hoseney, 2010). Most often the whole kernels or head rice are used for direct consumption by humans, but some kernels
are broken in the milling process, and rice kernels that are less than 50% of the length of whole kernel, are called second
heads. These seconds heads may be used “as is” for a variety of products or ground for rice flour. Kernels that are 25% or less
of the original length of grain are called broken rice or brewers rice and are used for brewing and other fermented products,
or for animal feeding (USA Rice Federation, 2011).

Rice bran is the outer brown layer of brown rice and includes several sub layers within the pericarp and aleurone layers,
but some subaleurone and endosperm material and breakage from white rice is usually included in the bran fraction and
can make up 20-25% of the bran (Prakash and Ramaswamy, 1996). Rice bran contains lipases that may cause oxidation of
the lipids in rice bran and it is, therefore, important that rice bran is stabilized by heat treatment, which will inactivate the
lipase, and therefore, reduce the risk of oxidation of the fat. Alternatively, rice bran can also be de-oiled with a subsequent
production of rice oil, which is used in the human food industry, and de-oiled rice bran, that may be used for animal feeding
(Hargrove, 1994). An additional category of rice bran is obtained when the starchy endosperm is removed from the rice
kernel and is called polished rice bran (Kaufmann et al., 2005). A mixture of rice bran, rice hulls, and broken rice in different
ratios are sometimes used for animal feeding (Brazle and Coffey, 1990; Ofongo et al., 2008) and this mixture may be marketed
as rice-mill feed.

Despite an annual global production of close to 100 million tons of rice bran and other rice co-products excluding rice
hulls, there is limited information about the nutritional value of rice-co-products. However, the SID of AA in rice bran is
generally greater than in most other cereal co-products and not different from that in maize (Kaufmann et al., 2005; Casas
and Stein, 2015). However, the SID of AA in full fat rice bran may be greater than in defatted rice bran (Casas and Stein, 2015),
which may be a consequence of the greater concentration of fat in full fat rice bran compared with defatted rice bran because
as the quantity of fat that is consumed increases, the passage rate in the small intestine will be reduced, which results in
increased digestibility of protein with a subsequent increase in the digestibility of AA (Cervantes-Pahm and Stein, 2008).

Rice bran contains more phosphorus than most other feed ingredients and the total phosphorus concentration may
be between 1.5 and 2.8% (Warren and Farrell, 1990a; Casas and Stein, 2015; Shi et al., 2015). However, up to 90% of the
