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a  b  s  t  r  a  c  t

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 B12) in 1948
and the subsequent production of synthetic vitamin B12 (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

http://nutrition.ansci.illinois.edu
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Table  1
Composition of barley, maize, oats, and polished rice.

Item Ingredient

Barley Maize Oats Polished rice

N X̄ SD N X̄ SD N X̄ SD N X̄ SD

Gross energy, MJ/kg 56 16.1 1.3 157 16.7 0.7 4 17.5 0.3 6 15.3 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 1.4 10 7.4 1.4 2 6.7 – – – –
Indispensable amino acids, g/kg

Arginine 42 5.3 0.9 252 3.8 0.6 5 7.9 1.4 2 7.2 1.5
Histidine 38 2.6 0.7 246 2.4 0.5 5 2.6 0.5 2 2.5 0.5
Isoleucine 48 3.6 0.7 257 2.8 0.6 5 4.4 0.9 2 3.9 0.6
Leucine 40 7.2 1.2 246 9.6 1.6 5 8.4 1.4 2 7.4 1.1
Lysine  54 4.1 0.8 264 2.6 0.5 5 4.8 0.8 2 4.4 2.0
Methionine 50 2.0 0.3 256 1.7 0.4 5 3.9 2.7 2 2.2 0.1
Phenylalanine 38 5.3 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 4.3 0.7 198 6.0 0.9 2 5.7 1.4 1 4.4 –
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 0.3 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 4.4 0.7 196 3.2 0.6 2 6.1 1.5 1 3.5 –
Proline 32 11.1 3.1 182 6.9 1.2 2 6.7 1.0 1 3.3 –
Serine  36 4.4 0.9 192 3.8 0.6 2 6.1 1.8 1 3.4 –
Tyrosine 36 2.8 0.6 216 2.6 0.7 2 3.8 0.4 2 3.4 1.5
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ompared with maize, but the digestibility of starch and AA in barley is less than in wheat and maize (Stein et al., 2001;
edersen et al., 2007a; Cervantes-Pahm et al., 2014a). The standardized ileal digestibility (SID) of most indispensable AA is
etween 70 and 80% (Table 2) and a meta-analysis including data for SID of AA in barley from 26 different peer-reviewed

ournal 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-

entable than fiber from wheat and maize (Bach Knudsen, 1997). Because of the greater concentration of fiber in barley
han in most other cereal grains, the concentration of digestible and metabolizable energy in fiber is less than in most other
ereal grains. However, there is significant variability in the concentrations of fiber in barley and in general, the greater the
oncentration 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
eplace sorghum (Goodband and Hines, 1988) or wheat (Yin et al., 2001; Nasir et al., 2015) without any impact on growth
erformance, but if pigs are fed diets containing barley rather than maize, ADG may  be improved (Medel et al., 1999; Yin
t al., 2001). However, weanling pig performance is improved if barley is ground to 635 �m rather than 768 �m (Goodband
nd Hines, 1988) and pigs fed micronized barley or barley that is heat treated have improved performance compared with
igs fed raw barley (Medel et al., 2000, 2002). It has been demonstrated that inclusion of barley in diets fed to weanling pigs
ay  reduce the occurrence of diarrhea possibly due to prebiotic effects of the beta-glucans in barley, which may  result in

educed colonic pH (Paulicks et al., 2000; Montagne et al., 2003; O’Connell et al., 2005). Pigs fed barley also have an increased
actobacillus spp. to Enterobacteriaceae ratio in the small intestine compared with pigs fed wheat, indicating a favorable
hift 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
hat is not different from that of pigs fed diets based on wheat or maize (Yin et al., 2001), but reduced average daily gain and
ain to feed ratio of pigs fed barley rather than maize has also been reported (Carr et al., 2005; Kim et al., 2014). Reduced
ressing percentage of pigs fed barley rather than maize was also observed, whereas concentration of saturated fatty acids
n 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 X̄ SD N X̄ SD N X̄ SD N X̄ 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 1.3
Histidine 5 2.4 10.6 26 2.1 0.3 4 3.1 0.5 65 3.5 0.8
Isoleucine 5 3.5 15.5 28 3.7 0.5 4 4.5 0.9 66 4.9 1.0
Leucine 5 6.5 27.1 28 12.4 1.7 4 8.6 2.0 65 9.7 1.6
Lysine  5 4.0 16.6 28 2.1 0.4 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 2.4 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 3.4 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 1.3 65 6.2 1.2

Dispensable amino acids, g/kg
Alanine 4 4.3 19.9 25 8.6 1.1 4 5.4 1.0 52 5.1 1.1
Aspartic acid 4 7.4 32.8 25 6.1 1.0 4 8.0 1.3 51 7.6 1.6
Cysteine 5 2.0 9.0 26 1.8 0.2 7 2.6 0.8 55 3.4 1.0
Glutamic acid 4 24.7 114.0 25 18.9 2.8 4 37.5 8.2 51 42.3 12.4
Glycine  4 4.5 20.3 25 3.1 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 1.3
Tyrosine 5 2.4 8.8 24 3.2 0.5 4 3.9 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 X̄ SD N X̄ SD N X̄ SD N X̄ SD

Digestible energy, MJ/kg 17 12.8 0.7 73 14.6 0.5 1 11.0 – 1 15.1 –
Metabolizable energy, MJ/kg 7 12.2 0.5 67 14.2 0.5 1 10.9 – 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 0.313 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 X̄ SD N X̄ SD N X̄ SD N X̄ SD

Digestible energy, MJ/kg 1 14.3 – 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
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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. Maize

Maize is the most common cereal grain used in the feeding of commercial pigs and with global production exceeding
000 million tons, there is more maize produced in the world than that of any other cereal grain (Statista, 2015). The high
oncentration of starch and the low concentration of fiber in maize results in most nutrients being easy to digest by pigs,
nd the apparent total tract digestibility of dry matter in maize is close to 90% (Rojas and Stein, 2015b). The apparent total
ract digestibility of starch is between 90 and 96% and is increased by reducing the particle size (Rojas and Stein, 2015b).
he concentration of CP is between 7 and 9% and less than in most other cereal grains, but the SID of most indispensable AA

n maize is slightly greater than in barley and sorghum and comparable to wheat (Pedersen et al., 2007a,b; Cervantes-Pahm
t 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
he standardized total tract digestibility of phosphorus in maize is therefore, only between 25 and 35% (Almeida and Stein,
010, 2012). However, if microbial phytase is added to diets based on maize, the digestibility of phosphorus will increase to
etween 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
he initial 2–3 weeks post-weaning, growth performance of pigs fed diets based on corn is usually superior to that of pigs
ed diets based on other cereal grains. There are, therefore, very few restrictions in the feeding of maize to growing-finishing
igs, but if fed in diets for gestating sows, it is recommended to include a source of fiber in the diet to avoid constipation.
nergy digestibility in maize is improved if particle size is reduced to less than 500 �m (Wondra et al., 1995; Rojas and Stein,
015b) and it is possible to reduce the amount of added fat in the diet if particle size is reduced, without affecting growth
erformance of weanling or growing-finishing pigs (Rojas and Stein, 2016; Rojas et al., 2016). Dressing percentage of pigs

ed diets containing maize ground to less than 500 �m is also greater than that of pigs fed diets containing maize ground to
 coarser particle size (Rojas et al., 2016). It is also possible that extrusion of corn grain may  improve growth performance
f weanling pigs (Liu et al., 2015b).

.3. Oats

Oats is produced in relatively small quantities and global production is less than 25 million tons (Statista, 2015) with the

uropean Union, Russia, and Canada being the biggest producers. Oats is primarily used for human consumption and only
maller quantities are used in animal feeding. The concentration of fiber in oats is greater than in all other cereal grains,
nd 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; Solà-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 (Brestenský
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 (Brestenský 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 (Nitrayová 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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herefore, is reduced in starch from sorghum compared with starch from wheat (Prasad et al., 2014). The concentration of
otal dietary fiber in sorghum is comparable to that in maize with the majority being cellulose and arabinoxylans (Jaworski
t al., 2015). However, the fiber in sorghum is more tightly bound to protein (Bach-Knudsen and Munck, 1985) than is the
ase for other cereal grains, which may  be the reason why the SID of AA is slightly less in sorghum than in wheat and
aize (Pedersen et al., 2007a; Cervantes-Pahm et al., 2014b). Amino acid digestibility in sorghum is negatively influenced

y the concentration of tannins in sorghum (Jansman et al., 1993), but it appears that the concentration of tannins needs
o be greater than 1% before a negative effect on SID of AA is observed (Mariscal-Landín et al., 2004). The concentration of
hosphorus in sorghum is close to that in maize, but as is the case for most cereal grains, the majority of the phosphorus

s bound to phytate and the standardized total tract digestibility of phosphorus in sorghum is, therefore, relatively low.
owever, addition of microbial phytase to the diet will increase the digestibility of phosphorus (Cervantes et al., 2011). The

oncentration of gross energy in sorghum is similar to that in wheat and maize, and the same is the case for the concentration
f digestible and metabolizable energy (Cervantes-Pahm et al., 2014a; Bolarinwa and Adeola, 2016). It is, however, possible
o increase metabolizable energy in sorghum by grinding to a fine particle size rather than a coarser particle size (Owsley
t 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
rowth performance of weanling or growing-finishing pigs (Hongtrakul et al., 1998; Shelton et al., 2004; Benz et al., 2011).
owever, if sorghum replaced maize in diets fed to lactating sows, a slight reduction in feed intake and litter weight gain
as been reported, whereas subsequent reproductive performance was not impacted by inclusion of sorghum in the diets.
verall, there does not seem to be much difference in feeding value between maize, wheat and sorghum, and it was recently
stimated that the feeding value of sorghum compared with maize is 98–99% (Tokach et al., 2012).

.7. Triticale

Triticale is one of the few cereal grains that is produced primarily for livestock feed and annual global production is
elatively 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,
ome 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).
n agreement with these results, it was demonstrated that inclusion of triticale in diets fed to growing-finishing pigs at the
xpense of maize resulted in a linear reduction in feed intake and therefore in average daily gain (Nishimuta et al., 1980).
ikewise, Myer et al. (1989) reported a reduction in average daily gain and gain to feed ratio if triticale replaced maize in diets
or growing pigs, but during the finishing phase, no difference between triticale and maize was  observed. However, results
f several experiments in Australia demonstrated that between 50 and 100% of the wheat in diets fed to growing-finishing
igs may  be replaced by triticale without detrimental effects on growth performance (Farrell et al., 1983; Batterham et al.,
990).

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

.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
orthern European countries wheat is also produced as a feed ingredient. The use of wheat in diets fed to pigs was  recently

eviewed (Kim et al., 2005; Rosenfelder et al., 2013). In general, wheat may  be used as the sole cereal grain in diets fed to
igs, and there are not many restrictions to the use of wheat. The concentration of AA in wheat is greater than in maize and
ice, but may  vary according to variety and growing conditions (Zijlstra et al., 1999). However, the concentration of starch
nd fiber is close to that in maize (Pedersen et al., 2007a; Cervantes-Pahm et al., 2014b; Jaworski et al., 2015). As is the
ase for maize, the majority of the fiber in wheat consists of arabinoxylans and cellulose, but total tract fermentability of
ietary 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
bserved in maize (Pedersen et al., 2007a; Cervantes-Pahm et al., 2014b; Rosenfelder et al., 2015). The concentration of
hosphorus in wheat is slightly greater than that in most other cereal grains, and due to intrinsic phytase, the standardized
otal tract digestibility of phosphorus is greater in wheat than in most other cereal grains (NRC, 2012). The energy in wheat
s relatively easy digestible and concentrations of digestible and metabolizable energy is usually close to that of maize (NRC,

012). However, differences in energy digestibility due to differences in growing conditions and among varieties have been
eported (Zijlstra et al., 1999; Kim et al., 2005) and in general, the greater the concentration of dietary fiber in wheat is,
he lower is the concentration of digestible energy (Kim et al., 2005). Storage of wheat for 6–12 month may  also reduce
he concentration of digestible and metabolizable energy in some, but not all, varieties of wheat (Guo et al., 2015). Energy



40 H.H. Stein et al. / Animal Feed Science and Technology 218 (2016) 33–69

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 (l’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
et al., 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
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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 X̄ SD N X̄ SD N X̄ SD N X̄ SD N X̄ SD N X̄ 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 24.8 – 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 1.4 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 20.4 25.1 22 2.4 2.7 7 8.2 1.3 9 12.8 1.2 1 7.0 – 1 27.6 –
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 11.5 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 21.5 3.4 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 11.3 3.2 29 9.8 3.2 7 7.1 2.3 10 7.9 0.4 1 7.3 – 1 7.1 –
Methionine 5 5.3 2.8 28 13.6 2.9 8 3.2 0.3 10 2.5 0.2 1 3.1 – 1 2.2 –
Phenylalanine 5 8.7 2.9 29 34.2 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 3.2 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 1.3 –
Valine  5 11.6 3.1 29 24.3 4.2 7 10.0 1.1 10 7.2 0.4 1 10.4 – 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 10.4 – 1 16.4 –
Aspartic  acid 5 15.9 1.4 26 31.6 5.8 5 12.1 1.9 8 11.1 0.7 1 12.5 – 1 12.0 –
Cysteine 4 3.4 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 12.1 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 13.4 3.4 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 22.7 –
Serine  5 9.3 1.3 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 5.8 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 DDGSa <4% oil Maize DDGS 5–9% oil Maize DDGS >9% oil Maize bran

N X̄ SD N X̄ SD N X̄ SD N X̄ SD N X̄ SD

Gross energy, MJ/kg 7 17.5 0.8 5 19.6 1.6 23 19.6 0.7 136 19.9 2.5 7 18.1 0.7
Dry  matter, g/kg 9 877.0 16.0 6 865.0 44.0 62 889.0 19.0 182 892.0 18.0 7 894.0 14.0
Crude  protein, g/kg 13 96.0 16.0 7 278.0 38.0 58 275.0 21.0 213 268.0 29.0 9 109.0 29.0
Acid  hydrolyzed ether extract, g/kg 1 64.0 35.0 – – – 7 62.0 37.0 8 127.0 22.0 2 27.0 6.0
Ash,  g/kg 8 22.0 8.0 5 49.0 8.0 48 41.0 10.0 86 41.0 8.0 6 36.0 14.0
Starch, g/kg 8 483.0 90.0 3 51.0 43.0 19 64.0 39.0 86 65.0 17.0 5 230.0 57.0
Acid  detergent fiber, g/kg 7 43.0 8.0 4 142.0 25.0 46 118.0 27.0 168 114.0 28.0 4 92.0 53.0
Neutral detergent fiber, g/kg 7 165.0 36.0 4 367.0 53.0 47 328.0 59.0 181 331.0 58.0 5 411.0 212.0
Total  dietary fiber, g/kg 2 118.0 24.0 2 261.0 90.0 4 298.0 42.0 14 292.0 37.0 1 242.0 –
Calcium, g/kg 5 0.6 1.3 3 2.2 3.0 37 1.0 1.0 64 1.5 2.1 5 2.0 1.8
Phosphorus, g/kg 5 4.6 2.8 3 8.0 0.6 38 6.8 1.9 135 7.4 1.2 3 4.1 3.4
Indispensable amino acids, g/kg

Arginine 7 5.4 1.3 4 12.4 1.0 47 11.8 1.6 190 11.6 2.0 5 6.2 1.4
Histidine 6 2.9 0.5 4 7.6 0.9 45 7.3 0.8 184 7.3 0.9 5 3.4 0.5
Isoleucine 7 3.3 0.6 5 11.0 1.7 50 10.3 1.0 192 10.1 1.4 5 3.6 0.6
Leucine 7 9.7 1.1 4 33.9 4.8 49 32.0 3.7 191 31.4 4.0 5 10.7 0.9
Lysine 7 3.8 0.9 5 8.5 2.5 53 8.3 1.6 193 8.0 1.7 5 4.5 1.0
Methionine 7 1.8 0.3 5 5.3 0.7 53 5.5 0.8 192 5.4 1.0 5 1.9 0.3
Phenylalanine 6 4.4 0.3 4 14.8 2.5 45 13.4 1.4 184 13.0 1.6 5 4.3 1.0
Threonine 7 3.6 0.8 5 10.7 1.3 52 10.0 0.7 192 10.0 1.7 5 4.4 0.8
Tryptophan 7 0.8 0.2 5 2.0 0.5 52 2.1 0.4 177 2.0 0.4 5 0.7 0.1
Valine  7 4.8 0.9 5 14.4 1.7 50 13.6 1.2 192 13.6 1.8 5 5.4 0.9

Dispensable amino acids, g/kg
Alanine 4 7.1 1.3 4 20.2 2.5 37 19.5 2.4 178 18.9 2.3 5 7.6 1.2
Aspartic acid 4 7.1 1.0 4 18.5 0.5 37 57.0 237.0 178 17.5 2.3 5 7.3 1.5
Cysteine 7 2.0 0.4 5 5.3 0.4 43 5.1 0.9 183 5.0 1.0 5 2.3 0.3
Glutamic acid 4 15.8 2.8 4 39.0 10.6 37 45.1 9.3 168 40.3 8.1 5 15.8 1.9
Glycine 4 4.7 0.8 4 11.6 0.6 35 10.8 1.1 160 10.3 1.2 5 5.3 1.2
Proline 4 7.9 2.1 4 19.8 3.3 36 21.0 4.4 176 20.4 2.6 5 8.6 1.2

Serine  4 4.4 0.9 4 12.9 0.9 37 12.6 1.6 178 11.5 1.7 5 4.7 0.8
Tyrosine 6 3.3 0.6 4 11.0 0.3 30 10.8 1.3 138 9.9 1.8 5 3.2 0.5

a 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
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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 X̄ SD N X̄ SD N X̄ SD N X̄ SD N X̄ SD N X̄ SD

Digestible energy, MJ/kg 1 12.9 – 20 19.3 1.2 3 11.5 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 0.4 5 14.5 0.8 1 13.1 – 1 6.3 –
Net  energy, MJ/kg 1 8.9 – 1 13.4 – 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 DDGSa <4% oil Maize DDGS 5–9% oil Maize DDGS >9% oil Maize bran

N X̄ SD N X̄ SD N X̄ SD N X̄ SD N X̄ SD

Digestible energy, MJ/kg 1 14.2 – 3 12.1 1.6 15 15.1 0.8 62 14.8 1.0 1 12.1 –
Metabolizable energy, MJ/kg 6 14.0 0.5 3 11.2 1.4 14 14.3 1.0 32 14.4 0.9 3 11.5 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 3.3 100 0.820 0.038 1 0.830 –
Threonine 4 0.690 0.073 2 0.690 – 9 71 3.3 100 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 3.5 100 0.700 0.051 1 0.730 –
Cysteine  4 0.720 0.062 2 0.670 – 9 71 71.4 100 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 – – –

a DDGS = distillers dried grains with solubles.
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Table  9
Composition of other cereal coproducts.

Item Ingredient

Barley DDGSa Sorghum DDGS Triticale DDGS Wheat bran Wheat DDGS Wheat middlings

N X̄ SD N X̄ SD N X̄ SD N X̄ SD N X̄ SD N X̄ SD

Gross energy, MJ/kg – – – 1 22.2 – 2 18.8 0.3 11 16.9 0.5 27 19.3 0.9 4 16.7 0.5
Dry  matter, g/kg 21 879.0 11.0 6 902.0 14.0 3 898.0 4.0 15 886.0 22.0 52 927.0 22.0 26 892.0 14.0
Crude  protein, g/kg 31 273.0 21.0 6 308.0 17.0 3 293.0 16.0 19 153.0 14.0 58 364.0 30.0 30 159.0 14.0
Acid  hydrolyzed ether extract, g/kg – – – – – – – – – – – – 2 75.0 0.5 1 49.0 –
Ash,  g/kg 21 35.0 4.0 4 79.0 46.0 3 39.0 0.9 12 48.0 11.0 40 49.0 5.0 8 33.0 16.0
Starch,  g/kg 19 353.0 75.0 – – – – – – 9 229.0 95.0 25 22.0 11.0 2 429.0 63.0
Acid  detergent fiber, g/kg 16 103.0 10.0 6 227.0 31.0 3 122.0 12.0 11 116.0 16.0 43 127.0 29.0 9 82.0 31.0
Neutral detergent fiber, g/kg 17 131.0 24.0 6 346.0 52.0 3 323.0 51.0 12 349.0 74.0 49 339.0 73.0 22 339.0 83.0
Total  dietary fiber, g/kg – – – – – – – – – 1 355.0 – – – – – – –
Calcium, g/kg 2 1.0 – 1 1.2 – 1 0.6 – 4 1.0 0.1 17 1.5 0.5 23 1.2 0.6
Phosphorus, g/kg 2 5.6 2.1 1 7.6 – 1 7.0 – 4 10.2 1.3 20 8.8 0.7 23 10.0 1.7
Indispensable amino acids, g/kg

Arginine 19 24.3 3.1 2 11.0 – 2 13.6 0.9 4 8.8 2.9 30 13.7 4.0 21 10.8 1.2
Histidine 21 7.2 0.5 2 7.1 – 2 6.3 0.2 4 4.0 0.5 29 7.2 2.0 21 4.4 0.3
Isoleucine 25 11.3 1.0 4 13.1 0.6 2 11.2 0.3 4 4.8 0.5 30 12.0 3.2 22 5.1 0.3
Leucine 25 19.4 2.0 4 40.5 1.4 2 20.3 0.4 4 8.7 1.7 30 23.0 6.1 21 10.2 0.7
Lysine  25 16.5 2.0 4 7.9 1.3 2 7.6 1.0 4 5.6 0.7 33 7.0 2.4 22 6.5 0.5
Methionine 25 1.9 0.2 4 5.4 0.3 2 4.8 0.1 4 2.3 0.4 27 5.0 1.5 22 2.5 0.1
Phenylalanine 21 11.9 1.1 2 16.8 – 2 14.2 0.1 4 5.4 1.4 30 15.5 4.3 21 6.4 0.5
Threonine 25 9.1 1.3 4 10.7 0.3 2 9.5 – 4 5.5 1.0 32 10.5 2.7 22 5.3 0.3
Tryptophan 15 2.4 0.2 4 2.7 0.9 2 2.4 – 2 2.1 0.2 15 3.0 1.2 20 1.9 0.2
Valine  25 12.2 1.3 4 16.5 0.2 2 14.1 0.3 4 6.8 0.9 30 14.9 3.9 22 7.3 0.5

Dispensable amino acids, g/kg
Alanine 19 10.5 1.2 2 29.0 – 2 12.8 0.4 3 14.0 10.3 23 12.3 3.7 3 6.2 0.5
Aspartic acid 19 28.0 3.4 2 21.7 – 2 16.0 0.1 3 25.7 25.9 22 16.3 5.1 1 10.1 –
Cysteine 23 3.4 0.3 4 5.2 0.4 2 6.4 0.1 3 4.6 2.4 22 6.0 2.1 20 3.4 0.3
Glutamic acid 19 44.0 6.5 2 63.1 – 2 66.3 1.8 3 43.5 40.1 23 88.1 28.6 1 31.1 –
Glycine  19 10.9 1.5 2 10.3 – 2 12.8 0.1 3 11.9 7.3 23 13.3 4.0 3 7.0 0.4
Proline  13 9.9 3.4 2 25.0 – 2 26.1 1.0 2 4.9 6.9 22 24.9 9.6 3 14.9 4.3
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Serine  19 12.2 2.4 2 14.0 – 2 12.1 – 3 12.3 9.8 23 14.8 4.7 3 8.6 0.9
Tyrosine 7 8.4 1.4 – – – 2 8.3 0.2 4 5.4 3.6 15 9.6 3.7 3 3.6 0.6

a DDGS = distillers dried grains with solubles.

heat 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
nd 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
nergy digestibility and concentration of metabolizable and net energy (Huang et al., 2012). In general, the lower starch
oncentration in the wheat co-product, the greater is the concentration of fiber, and there is a negative linear correlation
etween the concentration of neutral detergent fiber and the concentration of digestible energy in wheat co-products (Huang
t al., 2014). However, in most cases, the metabolizable and net energy values in wheat middlings and wheat bran are less
han in wheat, but it may  be possible to increase the energy value of wheat middlings and other wheat co-products by
ddition of a carbohydrase enzyme to the diet (Nortey et al., 2008; Cozannet et al., 2012). Likewise, the SID of AA is also less
n wheat middlings and wheat bran compared with wheat (Yin et al., 2000; Eklund et al., 2014), which is mainly a result
f increased endogenous losses caused by the increased fiber in the wheat co-products (Yin et al., 2000). In contrast, the
oncentration of phosphorus is relatively high in wheat co-products and as is the case for wheat, due to intrinsic phytases,
he 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-
rations of SID AA and net energy (Garcia et al., 2015). However feeding 10 or 20% wheat middlings to growing-finishing
igs 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
DGS may  also be fed to pigs (Rosenfelder et al., 2013). The concentration of protein in wheat DDGS is greater than in maize
DGS, but the concentration of indispensable AA is not always greater than in maize DDGS (Yang et al., 2010). The SID of
ost AA is not different between maize DDGS and wheat DDGS although the SID of Lys sometimes is very low in wheat
DGS (Nyachoti et al., 2005; Stein and Shurson, 2009; Cozannet et al., 2010a). The concentration of starch is reduced and

he concentration of fiber and crude fat is increased in wheat DDGS compared with wheat (Widyaratne and Zijlstra, 2007;

ozannet et al., 2010b), but the combined effects of these changes results in values for metabolizable and net energy that
re 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
nishing 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 DDGSa Triticale DDGS Sorghum DDGS Wheat bran Wheat DDGS Wheat middlings

N X̄ SD N X̄ SD N X̄  SD N X̄ SD N X̄ SD N X̄ SD

Digestible energy, MJ/kg – – – 1 15.6 – 2 15.5 1.1 2 9.6 0.4 6 13.2 1.3 2 11.3 0.3
Metabolizable energy, MJ/kg – – – 1 13.9 – 2 14.4 1.3 1 9.5 – 3 11.6 1.8 2 11.2 0.06
Net  energy, MJ/kg – – – – – – 1 10.0 – 1 6.7 – 3 7.8 0.7 1 8.0 –
SID  indispensable amino acids

Arginine 17 0.850 0.215 – – – 2 0.790 – 4 0.880 0.049 9 0.820 0.043 3 0.910 0.039
Histidine 19 0.800 0.073 – – – 2 0.720 – 4 0.780 0.034 10 0.750 0.054 3 0.870 0.057
Isoleucine 24 0.810 0.053 – – – 2 0.740 – 4 0.750 0.024 10 0.730 0.063 3 0.830 0.080
Leucine  24 0.820 0.050 – – – 2 0.770 – 4 0.750 0.053 10 0.800 0.040 3 0.840 0.077
Lysine  24 0.850 0.042 – – – 2 0.640 – 4 0.710 0.104 10 0.510 0.111 3 0.800 0.082
Methionine 23 0.730 0.117 – – – 2 0.770 – 3 0.760 0.035 8 0.740 0.084 3 0.860 0.064
Phenylalanine 19 0.800 0.061 – – – 2 0.770 – 4 0.810 0.040 10 0.840 0.029 3 0.870 0.071
Threonine 24 0.780 0.063 – – – 2 0.700 – 4 0.660 0.047 10 0.710 0.055 3 0.770 0.094
Tryptophan 13 0.630 0.095 – – – 2 0.720 – 3 0.740 0.014 5 0.640 0.318 3 0.820 0.082
Valine  24 0.780 0.051 – – – 2 0.740 – 4 0.760 0.065 10 0.730 0.052 3 0.810 0.075

SID  dispensable amino acids
Alanine 17 0.780 0.057 – – – 2 0.750 – 3 0.690 0.072 6 0.700 0.021 1 0.720 –
Aspartic acid 17 0.850 0.041 – – – 2 0.690 – 3 0.730 0.059 6 0.590 0.056 1 0.760 –
Cysteine 22 0.620 0.109 – – – 2 0.670 – 2 0.750 0.035 5 0.760 0.088 3 0.820 0.079
Glutamic acid 17 0.880 0.032 – – – 2 0.770 – 3 0.890 0.053 6 0.870 0.015 1 0.890 –
Glycine  17 0.760 0.086 – – – 2 0.690 – 3 0.700 0.174 6 0.720 0.042 1 0.730 –
Proline  10 0.830 0.189 – – – 2 0.760 0.031 2 0.870 0.079 6 0.900 0.079 – 0.890 –
Serine  17 0.830 0.048 – – – 2 0.760 0.031 3 0.770 0.077 6 0.770 0.029 1 0.800 –
Tyrosine 9 0.820 0.068 – – – – – – 3 0.720 0.138 5 0.800 0.038 3 0.840 0.079
STTD,  phosphorus 1 0.389 – – – – – – – 2 0.545 0.058 3 0.579 0.056 5 0.553 0.105

a 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 Defatted rice bran Rice mill feed

N X̄ SD N X̄ SD N X̄ SD N X̄ SD N X̄ SD N X̄ SD

Gross energy, MJ/kg 2 17.4 0.4 7 16.2 1.0 1 16.1 – 6 19.3 2.0 2 17.6 0.9 1 17.8 –
Dry  matter, g/kg 5 895.0 20.0 12 874.0 16.0 1 881.0 – 7 920.0 30.0 3 912.0 8.0 1 910.0 –
Crude  protein, g/kg 9 113.0 18.0 14 80.0 1.0 1 95.0 – 11 141.0 16.0 5 163.0 18.0 1 70.9 –
Acid  hydrolyzed ether extract, g/kg 2 74.0 3.0 2 21.0 18.0 1 32.0 – 2 182.0 16.0 1 11.0 – 1 50.1 –
Ash,  g/kg 4 53.0 16.0 11 11.0 6.0 1 12.0 – 7 114.0 45.0 2 117.0 3.0 1 142.0 –
Starch,  g/kg 3 409.0 25.0 5 754.0 33.0 1 809.0 – 4 318.0 107.0 2 273.0 15.0 1 112.0 –
Acid  detergent fiber, g/kg 4 49.0 14.0 4 13.0 7.0 1 14.0 – 2 93.0 2.0 1 120.0 – 1 434.0 –
Neutral detergent fiber, g/kg 4 135.0 48.0 7 38.0 33.0 1 27.0 – 7 221.0 75.0 2 214.0 30.0 1 457.0 –
Total  dietary fiber, g/kg – – – 1 14.0 – 1 34.0 – – – – – – – 1 545.0 –
Calcium, g/kg 4 1.6 0.3 2 0.1 0.0 1 0.1 – 7 1.2 0.9 2 1.1 0.0 1 1.1 –
Phosphorus, g/kg 4 3.8 1.0 3 1.7 0.5 1 2.7 – 7 20.0 3.0 2 25.8 0.0 1 6.3 –
Phytate, g/kg 2 2.0 0.3 2 1.7 0.7 1 7.9 – 4 27.6 20.5 1 84.3 – 1 20.1 –
Indispensable amino acids, g/kg

Arginine 7 5.0 0.6 6 6.8 1.4 1 6.3 – 9 11.4 1.1 5 12.6 2.1 1 4.3 –
Histidine 7 2.5 0.4 6 2.2 0.6 1 2.4 – 9 3.8 0.4 5 4.4 0.8 1 1.7 –
Isoleucine 7 4.1 0.7 6 3.6 0.6 1 3.7 – 9 4.9 0.3 5 5.6 0.5 1 2.3 –
Leucine 7 8.7 1.6 6 7.4 1.7 1 7.2 – 9 9.9 0.6 5 11.4 1.0 1 4.6 –
Lysine  7 3.0 0.8 6 3.3 0.6 1 3.6 – 9 6.2 0.6 5 7.9 0.7 1 3.2 –
Methionine 7 1.7 0.3 6 6.5 0.7 1 2.2 – 9 2.8 0.3 5 3.3 0.2 1 1.3 –
Phenylalanine 7 5.0 0.7 6 4.7 1.2 1 4.5 – 9 6.2 0.4 5 7.1 0.5 1 2.8 –
Threonine 7 3.5 0.6 6 3.3 1.0 1 3.0 – 9 5.2 0.4 5 6.0 0.6 1 2.5 –
Tryptophan 7 1.1 0.3 5 0.8 0.3 1 0.9 – 9 1.7 0.2 5 2.0 0.3 1 0.5 –
Valine  7 5.0 0.7 6 3.7 1.3 1 5.3 – 9 7.5 0.5 5 8.6 0.9 1 3.6 –

Dispensable amino acids, g/kg
Alanine 4 5.5 1.1 5 5.2 1.5 1 5.0 – 6 8.6 0.5 4 10.0 1.3 1 4.6 –
Aspartic acid 4 6.0 1.4 5 8.5 2.6 1 7.8 – 6 12.2 0.7 4 14.4 1.7 1 5.9 –
Cysteine 7 2.2 0.4 6 1.5 0.3 1 1.9 – 9 2.8 0.2 5 3.2 0.3 1 1.4 –
Glutamic acid 4 22.5 6.5 5 17.1 5.6 1 15.0 – 6 19.0 1.6 4 22.1 2.9 1 8.7 –
Glycine  4 5.3 1.8 5 4.1 1.1 1 4.0 – 6 7.7 0.6 4 8.6 1.5 1 3.5 –
Proline  4 9.2 2.3 5 4.4 1.4 1 3.8 – 6 6.5 0.6 4 7.5 0.8 1 3.0 –
Serine  4 4.7 1.2 5 4.7 1.5 1 4.0 – 6 6.4 0.6 4 7.1 1.1 1 2.7 –
Tyrosine 7 3.6 0.9 6 3.4 1.1 1 1.7 – 6 3.5 0.8 4 3.7 1.1 1 1.2 –

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 X̄ SD N X̄ SD N X̄ SD N X̄ SD N X̄ 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, MJ/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 12.5 – 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 0.890 0.079 2 0.920 0.026 – – – 5 0.750 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 1.380 0.281 1 1.850 – – – – 3 1.050 0.373 1 1.350 –
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
phosphorus in rice bran is bound to phytate and rice bran and rice mill feed contain more phytate than any other feed
ingredient commonly included in diets fed to pigs (Stein et al., 2015). Because of the high concentration of phytate, the
digestibility of phosphorus in rice bran and rice mill feed is relatively low, but inclusion of microbial phytase in diets
containing rice bran will increase the standardized total tract digestibility of rice bran to more than 40% (Abelilla et al., 2015;
Casas and Stein, 2015). In contrast, brown rice and broken rice contain very little phytate and the digestibility of phosphorus
in these co-products, therefore, is much greater than in rice bran and rice mill feed (Casas and Stein, 2015).

The concentration of digestible and metabolizable energy in full fat rice bran is close to average values for wheat and
maize, whereas the concentration in defatted rice bran is less than in full fat rice bran because of the reduced concentration
of fat (Warren and Farrell, 1990c; Shi et al., 2015; Casas and Stein, 2016; Table 12). However, inclusion of microbial xylanase
in diets containing full fat or defatted rice bran may  increase the concentrations of digestible and metabolizable energy by
up to 10% (Casas and Stein, 2016).

There are very few published experiments reporting on effects of adding rice co-products to diets fed to pigs. However,
it has been indicated that 20 or 30% defatted rice bran may  be included in diets fed to weanling pigs without negative
impacts on growth performance if added to a basal diet mainly containing sorghum, wheat, and meat meal (Warren and

Farrell, 1990b). It has also been speculated that full fat rice bran may  improve growth performance of weanling pigs via a
probiotic mechanism (Herfel et al., 2013). Recent data from the University of Illinois indicate that at least 20% of both full fat
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Table  13
Composition of pulse crops.

Item Ingredients

Field pea Faba beans

N X̄ SD N X̄ SD

Gross energy, MJ/kg 15 16.5 0.9 1 18.7 –
Dry  matter, g/kg 75 882.0 22.0 12 879.0 11.0
Crude  protein, g/kg 102 217.0 21.0 13 228.0 35.0
Acid  hydrolyzed ether extract, g/kg 1 11.0 – – – –
Ash,  g/kg 57 28.0 3.0 4 35.0 6.0
Starch,  g/kg 52 421.0 44.0 1 362.0 –
Acid  detergent fiber, g/kg 51 70.0 15.0 5 103.0 8.0
Neutral detergent fiber, g/kg 61 133.0 36.0 6 154.0 63.0
Total  dietary fiber, g/kg 3 139.0 35.0 – – –
Calcium, g/kg 12 0.9 0.4 3 1.4 0.4
Phosphorus, g/kg 17 3.9 0.6 3 4.2 0.1
Indispensable amino acids, g/kg

Arginine 79 19.0 3.3 10 21.0 3.5
Histidine 85 5.4 0.5 10 6.4 0.8
Isoleucine 85 9.3 1.2 10 9.9 1.5
Leucine 85 15.7 1.4 10 18.0 1.9
Lysine  87 16.3 1.7 10 15.8 1.2
Methionine 74 2.2 0.3 3 2.1 0.3
Phenylalanine 84 10.4 1.4 10 11.5 3.0
Threonine 86 10.1 11.5 10 8.5 0.9
Tryptophan 61 2.0 0.2 7 2.0 0.1
Valine  85 10.2 1.1 10 11.0 1.7

Dispensable amino acids, g/kg
Alanine 57 9.6 1.1 3 10.7 1.5
Aspartic acid 57 25.5 2.7 3 27.9 4.1
Cysteine 72 3.1 0.4 3 3.2 0.8
Glutamic acid 57 38.7 5.1 3 43.9 6.8
Glycine  57 9.5 1.1 3 11.0 1.8

a
n

4

4

p
c
A
m
e
b

a

c
t
o
b
o
h
m
2
p

p

Proline  37 9.3 1.8 3 11.2 2.1
Serine  56 10.3 1.6 3 13.2 1.4
Tyrosine 54 6.0 1.3 3 8.4 2.5

nd defatted rice bran can be included in maize-SBM based diets fed to weanling pigs from 2 weeks post-weaning without
egative effects on pig growth performance (University of Illinois, Unpublished).

. Pulse crops

.1. Field peas

Global annual production of field peas is close to 12 million tons (Clansey, 2014) with Canada being the dominant
roducer with an annual production exceeding 6 million tons. Historically, field peas have been produced mainly for human
onsumption, but during the last 50 years, the industry has also found markets for field peas in livestock feeding. In Canada,
ustralia, and Western Europe, the use of field peas in diets fed to pigs has increased during this period because field peas
ay  be grown in areas where other protein sources cannot be grown (Jezierny et al., 2010; Masey O’ Neill et al., 2012; White

t al., 2015). In feeding of pigs, only peas that are harvested at maturity are used. Field peas may  have white or green seeds,
ut this does not influence the nutritional value of the peas.

Field peas contain less starch, but more CP and AA, than cereal grains (Table 13). The concentration of fiber is relatively low
nd anti-nutritional factors in the form of trypsin and chymotrypsin inhibitors are present at relatively low concentrations.

Pea protein has a relatively high concentration of lysine, but low concentration of methionine, cysteine, and tryptophan
ompared with soybean protein. The SID of most AA in field peas is comparable to the SID of AA in SBM (Table 14) with
he exception that the digestibility of methionine, cysteine, and tryptophan in field peas is less than in SBM, and the SID
f threonine tends to be less than in SBM (Stein et al., 2004; Petersen et al., 2014). The reason for these observations may
e that albumin, which has a relatively high concentration of methionine, threonine, and tryptophan, is less digestible than
ther proteins in the seed (Le Guen et al., 1995). Some variability in digestibility of AA among different varieties of field peas
as also been reported (Leterme et al., 1990; Fan and Sauer, 1999; Mariscal-Landıı́n et al., 2002). However, the SID of AA
ay be improved if field peas are heat treated (O’Doherty and Keady, 2000; Owusu-Asiedu et al., 2002; Stein and Bohlke,
007), which is likely due to inactivation of trypsin inhibitors or possibly heat-induced conformational changes in the pea
rotein, which may  enhance the access of proteolytic enzymes to the proteins (Owusu-Asiedu et al., 2002).

The carbohydrates in field peas include sucrose (3–4%), alpha-galactosides (3–4%), starch (40–45%), and non-starch
olysaccharides (15–20%), whereas the concentration of lignin is less than 1% (Bengala Freire et al., 1991; Canibe and Bach
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Table  14
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 pulse crops.

Item Ingredients

Field pea Faba beans

N X̄ SD N X̄ SD

Digestible energy, MJ/kg 14 13.4 1.1 1 12.3 –
Metabolizable energy, MJ/kg 5 13.3 1.5 1 12.2 –
Net  energy, MJ/kg 1 10.0 – 1 8.6 –
SID  indispensable amino acids

Arginine 43 0.900 0.032 18 0.900 0.031
Histidine 49 0.820 0.038 20 0.790 0.081
Isoleucine 49 0.810 0.035 25 0.810 0.053
Leucine 49 0.810 0.041 25 0.820 0.049
Lysine  49 0.850 0.028 25 0.850 0.043
Methionine 42 0.780 0.038 23 0.730 0.117
Phenylalanine 49 0.810 0.038 20 0.800 0.059
Threonine 49 0.760 0.058 25 0.780 0.063
Tryptophan 28 0.710 0.059 14 0.640 0.112
Valine  49 0.780 0.045 25 0.780 0.049

SID,  dispensable amino acids
Alanine 43 0.770 0.041 18 0.780 0.056
Aspartic acid 43 0.820 0.032 18 0.850 0.042
Cysteine 40 0.670 0.039 22 0.620 0.109
Glutamic acid 43 0.860 0.034 18 0.880 0.031
Glycine 43 0.790 0.059 18 0.760 0.092
Proline 35 0.930 0.203 11 0.870 0.209
Serine  43 0.790 0.046 18 0.830 0.055

Tyrosine 35 0.790 0.049 9 0.820 0.068

STTD,  phosphorus 9 0.540 0.084 1 0.360 –

Knudsen, 1997; Jezierny et al., 2010). In raw field peas, the apparent ileal digestibility of starch is approximately 90%, but
this value is increased to approximately 95% if the field peas are extruded at 115–155 ◦C (Stein and Bohlke, 2007). The alpha-
galactosides (i.e., raffinose, stachyose, and verbascose) require the enzyme alpha-galactosidase for digestion. This enzyme is
not synthesized by mammals, but there is some intrinsic alpha-galactosidase present in field peas. Intestinal microbes also
synthesize alpha-galactosidase and alpha-galactosides are, therefore, relatively easy to ferment and have an apparent ileal
digestibility of 78% (Bengala Freire et al., 1991). However, alpha-galactosides may  result in development of diarrhea in pigs
if peas are fed in high concentrations (Jezierny et al., 2010).

The total tract digestibility of non-starch polysaccharides in peas is between 80 and 87% in both raw and extruded field
peas (Canibe and Bach Knudsen, 1997; Stein and Bohlke, 2007). The digestibility of energy and the concentration of digestible
and metabolizable energy in field peas are not different from values observed for maize (Grosjean et al., 1998; Stein et al.,
2004). However, energy digestibility in field peas may  be increased if the peas are extruded or otherwise heat treated
because of increased ileal digestibility of starch (Bengala Freire et al., 1991; Stein and Bohlke, 2007). Energy digestibility
is also improved by grinding field peas to a smaller particle size or by micronization (Nyachoti et al., 2006; Montoya and
Leterme, 2011), which may  also be a result of increased starch digestibility in finely ground particles.

Field peas contain approximately 0.4% phosphorus (NRC, 2012; Stein et al., 2006a). Of the total concentration of phospho-
rus, 45–52% is bound in the phytate complex, and therefore, has a low digestibility by pigs. However, the unbound phosphorus
is highly digestible and the overall digestibility of phosphorus in field peas fed to growing pigs is 50–55% (Jongbloed and
Kemme, 1990; Helander et al., 1996; Stein et al., 2006a). However, the digestibility of phosphorus can be improved by 10–15
percentage units if microbial phytase is added to diets containing field peas (Helander et al., 1996; Stein et al., 2006a).

Field peas are generally well tolerated by pigs and inclusion of field peas in diets usually has no negative influence on
palatability. Results of several experiments have indicated that field peas may  be included in diets fed to weanling pigs
by 18–35% without negative impact on pig growth performance (Jondreville et al., 1992; Owusu-Asiedu et al., 2002; Stein
et al., 2004) although negative effects of feeding field peas to pigs also have been observed (Friesen et al., 2006). In contrast,
improvements in average daily gain, average daily feed intake and average gain to feed ratio for pigs fed diets containing
20% field peas has also been reported (Brooks et al., 2009). It has also been demonstrated that diets containing 40% field peas
and fed to pigs from 1 week post-weaning or 49% field peas fed from two weeks post-weaning can be used without negative
effects on pig growth performance (Stein et al., 2010; Landero et al., 2014).

Field peas may  be included in diets fed to growing-finishing pigs by at least 36% in maize-based diets without any negative
effects on pig growth performance or carcass characteristics (Stein et al., 2004). However, at this inclusion level, some SBM

was needed to supply additional AA in the growing period. To investigate if SBM can be completely replaced by field peas in
diets for growing-finishing pigs, an experiment in which field peas were included in the grower period (25–50 kg) at 66%,
in the early finisher period (50–85 kg) at 48%, and during the late finishing period (85–125 kg) at 36% was  conducted (Stein
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t al., 2006b). At these inclusion levels, all SBM in the diets was replaced by field peas. Growth performance of pigs fed these
iets were compared to that of pigs fed a corn-soybean meal-based control diet or diets containing corn, soybean meal, and
6% field peas in all three phases. Results of this experiment demonstrated that pig performance was  not influenced by the

nclusion of field peas in the diets. Likewise, no negative effects of field peas were observed on carcass composition, carcass
uality, or the palatability of pork chops or ground pork patties from pigs fed these diets. More recently, it was reported that

nclusion of 30% of field peas in wheat-barley based diets that also contained 7% 00-rapeseed meal had no negative effects
n pig growth performance, dressing percentage or carcass characteristics (White et al., 2015). It is, therefore, concluded
hat field peas may  be included in diets fed to growing-finishing pigs at levels necessary to provide all AA needed by the
igs.

There are limited published data from experiments in which field peas were included in diets fed to sows. However,
nclusion of 16% field peas in diets for gestating sows and 24% in diets for lactating diets had no negative effects on sow or
ig performance (Gatel et al., 1988). It also was reported that if field peas are included in diets fed to gestating and lactating
ows at levels of 10 or 20% there is no impact on sow or pig performance, but if the inclusion level was  30%, sow performance
as reduced (von Leitgeb et al., 1994). Based on the above results, it is concluded that field peas may  be used in diets fed to

estating and lactating sows at an inclusion level of up to 20%.

.2. Faba beans

Faba beans have been cultivated for human consumption for almost 5000 years with the earliest use taking place in China,
gypt, and Mesopotamia (Singh et al., 2013b). Faba beans are also known as horse beans or field beans (Jezierny et al., 2010)
nd global production is approximately 4 million tons per year (Singh et al., 2013b). China accounts for approximately 50%
f total production with Ethiopia, Egypt, and Australia being other major producers (Singh et al., 2013b).

The chemical composition of faba beans is close to that of field peas with approximately 22–28% of CP and between
00 and 500 g/kg of starch. However, faba beans contain several antinutritional factors including condensed tannins, trypsin

nhibitors, alpha-galactosides, and vicine and convicine (Jansman et al., 1993; Jezierny et al., 2010). Concentrations of trypsin
nhibitors in faba beans are close to those observed in field peas (Leterme et al., 1990). Condensed tannins reduce AA
igestibility (Jansman, 1993; Mariscal-Landıı́n et al., 2002), but newer varieties of faba beans that contain less than 1%
annins are now available (Zijlstra et al., 2008; Kiarie et al., 2013). These varieties are white flowered instead of colored
owered and referred to as “zero-tannin faba beans”. The SID of AA in the zero-tannin beans is greater than in conventional

aba beans (Mariscal-Landıı́n et al., 2002). In general, the SID of AA in conventional faba beans appears to be close to values
eported for field peas (NRC, 2012).

The concentration of metabolizable energy in faba beans is less than in field peas (NRC, 2012; Kiarie et al., 2013), but it is
ossible that the concentration of metabolizable energy can be increased by extrusion as has been demonstrated for broiler
hickens (Hejdysz et al., 2016), which may  be a result of increased starch digestibility (Wierenga et al., 2008).

Inclusion of faba beans in diets based on barley and 00-rapeseed meal fed to growing-finishing pigs resulted in a quadratic
eduction of pig growth performance and a recommendation that faba beans be included by no more than 20% in diets for
rowing-finishing pigs (Partanen et al., 2003). However, subsequent experiments in which zero-tannin faba beans were used
ndicated that up to 30% of faba beans may  be included in diets based on wheat and barley (Zijlstra et al., 2008; Smith et al.,
013; White et al., 2015). It also appears that inclusion of faba beans at up to 30% in diets that are balanced for indispensable
A will have no impact on carcass characteristics or protein balance of pigs (Smith et al., 2013; White et al., 2015).

We are not aware of reports from experiments in which faba beans were included in diets fed to weanling pigs or gestating
r lactating sows. However, provided the similarity in composition and antinutritional factors between field peas and faba
eans, it is possible that the recommendations for inclusion of field peas in diets for weanling pigs and sows can also be used
s a guide for inclusion of zero-tannin faba beans in diets for these categories of pigs.

. Oilseed meals

.1. Soybean products

Soybeans is the most widely used protein in the world and the global production of soybeans is increasing faster than that
f any other agricultural crop (Goldsmith, 2008; USDA, 2016). Global annual production of soybeans is close to 320 million
ons, which results in production of more than 200 million tons of SBM (Soy and Oilseed Blue Book, 2015). The global supply
f SBM is, therefore, much greater than that of any other oilseed meal.

Most soybean products are fed to pigs in the form of SBM or derivatives of SBM, whereas use of full fat soybeans in
iets fed to pigs is limited. Full fat soybeans contain several components that are undesirable for pigs, most notably trypsin

nhibitors. To inactivate the trypsin inhibitors, all soybean products have to be heat treated or toasted prior to use in diets fed
o pigs. However, if soybeans are properly heat treated the negative effects of trypsin inhibitors on AA digestibility is negated

Cervantes-Pahm and Stein, 2008; Baker et al., 2010; Goebel and Stein, 2011a; Yoon and Stein, 2013), and heat treated full fat
oybeans can, therefore, be included in diets fed to all categories of pigs without any negative implications. Soybean meal is
roduced from defatted whole or dehulled soybeans (Stein et al., 2008). Dehulled SBM contains approximately 48% CP on an
s-fed basis, and is sometimes referred to as high-protein SBM (Tables 15–18). Non-dehulled SBM contains approximately
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Table  15
Composition of high protein soybean meal, low protein soybean meal, and soybean expellers.

Item Ingredient

High protein soybean meal Low protein soybean meal Soybean expellers

N X̄ SD N X̄ SD N X̄ SD

Gross energy, MJ/kg 96 17.7 0.7 25 17.3 0.8 5 19.6 0.2
Dry  matter, g/kg 251 899.0 21.0 57 893.0 16.0 16 929.0 29.0
Crude  protein, g/kg 287 481.0 21.0 71 434.0 22.0 20 444.0 19.0
Acid  hydrolyzed ether extract, g/kg 25 16.0 11.0 2 12.0 11.0 3 80.0 33.0
Ash,  g/kg 165 63.0 1.0 43 62.0 7.0 6 59.0 7.0
Starch,  g/kg 12 24.0 22.0 12 22.0 12.0 – – –
Acid  detergent fiber, g/kg 102 58.0 29.0 35 58.0 37.0 6 69.0 15.0
Neutral  detergent fiber, g/kg 115 89.0 28.0 37 119.0 37.0 6 159.0 69.0
Total  dietary fiber, g/kg 33 183.0 28.0 1 175.0 – – – –
Calcium, g/kg 122 3.4 1.3 19 3.6 0.9 2 2.8 –
Phosphorus, g/kg 127 6.9 0.9 22 6.1 1.1 2 6.6 –
Indispensable amino acids, g/kg

Arginine 190 35.4 6.1 54 31.5 3.3 13 30.3 3.8
Histidine 186 13.1 2.6 53 12.3 1.4 13 11.5 1.2
Isoleucine 196 22.1 3.9 56 19.8 1.8 13 18.9 2.5
Leucine 189 37.5 6.3 56 33.2 2.7 13 32.2 3.3
Lysine  212 30.1 4.8 55 27.5 2.0 13 27.2 3.4
Methionine 197 9.8 43.7 52 6.1 0.7 13 5.8 0.8
Phenylalanine 185 24.5 4.8 56 22.3 1.6 13 21.3 1.9
Threonine 205 18.4 3.1 55 17.5 2.1 13 16.9 0.9
Tryptophan 159 6.8 1.3 46 6.0 1.7 6 6.5 0.7
Valine  197 22.8 5.0 56 20.0 2.8 13 20.3 2.7

Dispensable amino acids, g/kg
Alanine 150 21.5 5.7 49 19.1 1.7 11 18.0 2.4
Aspartic acid 150 54.8 10.5 49 48.8 4.9 11 45.5 8.8
Cysteine 175 7.1 1.4 49 6.4 1.4 9 6.8 0.5
Glutamic acid 150 85.8 18.5 49 77.6 8.7 11 72.3 10.8
Glycine 147 20.3 4.3 49 18.7 1.5 11 17.9 2.7

Proline 130 25.0 5.5 39 23.8 3.5 10 20.6 2.8
Serine  150 23.4 4.9 49 21.2 2.6 11 20.3 2.5
Tyrosine 132 17.0 3.8 46 15.6 1.5 10 14.0 2.8

43% CP and is sometimes referred to as low-protein soybean meal. Conventional toasted SBM is produced by extracting the
fat from soy flour with a solvent, usually hexane, with a subsequent toasting step to remove residual hexane and to deactivate
trypsin inhibitors and lectins. However, the oil from soybeans may  also be extracted by mechanical extraction, which results
in production of the co-product known as soybean expellers, which may  also be fed to pigs. However, to inactivate trypsin
inhibitors in soybean expellers, it is necessary that they be roasted or extruded prior to oil expelling (Wang and Johnson,
2001). Because mechanical extraction is less efficient in de-oiling soybeans than chemical extraction, the residual oil in
soybean expellers is greater than in SBM and soybean expellers usually contains 4–6% ether extract, whereas SBM contains
less than 3% ether extract. In contrast, soybean expellers usually contain less CP and AA than SBM because of the greater
concentration of ether extract.

The concentration of CP and AA in soybeans and SBM may  vary according to the area where the soybeans were produced
(Hurburgh et al., 1987; Grieshop et al., 2003; Karr-Lilienthal et al., 2004; Goldflus et al., 2006). The SID of AA in SBM is greater
than in most other plant based feed ingredients, and usually, SBM is used as the standard that other protein sources are
measured against (González-Vega and Stein, 2012). Most AA has an SID value that is close to or above 90% (Cervantes-Pahm
and Stein, 2008; Baker and Stein, 2009; Goebel and Stein, 2011a,b), and there is relatively little variability in SID values among
SBM sourced from different areas of the United States (Sotak-Peper et al., 2016). In addition, the profile of indispensable AA
in SBM is more favorable than that of other oilseed meals because of high concentrations of lysine and tryptophan (Stein
et al., 2008). Because the concentration of these AA is relatively low in most cereal grains, and specifically in maize, SBM and
cereal grains complement each other to provide a more balanced profile of AA than if any other oilseed meal is used in diets
fed to pigs (Stein et al., 2008).

The concentration of metabolizable and net energy in soybean meal is close to that of maize and relatively constant among
different sources of SBM (Sotak-Peper et al., 2015) and greater than in other oilseed meals (Rodriguez et al., 2013). Soybean
meal contains approximately 0.7% phosphorus and the majority of the phosphorus is bound to phytate as is the case for
most other plant ingredients (NRC, 2012). However, addition of microbial phyase to the diets will increase the digestibility
of phosphorus to between 60 and 70% and SBM is, therefore, an attractive source of digestible phosphorus in diets fed to

pigs (Goebel and Stein, 2011b; Rojas and Stein, 2012; Rodriguez et al., 2013).

Because of the favorable nutritional value of SBM, animal performance is usually not improved if SBM is removed from
the diets and other protein sources are used, although performance obtained on diets containing other protein sources
sometimes may  be equal to the performance obtained on SBM-based diets (Shelton et al., 2001). As a consequence, there
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Table  16
Composition of soy protein concentrate, fermented soybean meal, soy protein isolate, and enzyme treated soybean meal.

Item Ingredient

Soy protein concentrate Fermented soybean meal Soy protein isolate Enzyme treated soybean
meal

N X̄ SD N X̄ SD N X̄ SD N X̄ SD

Gross energy, MJ/kg 3 19.0 0.7 4 18.7 0.4 1 22.6 – 7 18.8 0.4
Dry  matter, g/kg 17 922.0 21.0 10 827.0 276.0 4 938.0 14.0 17 913.0 17.0
Crude protein, g/kg 25 649.0 40.0 11 515.0 72.0 8 839.0 45.0 17 545.0 33.0
Acid  hydrolyzed ether extract, g/kg 3 6.0 4.0 4 16.0 2.0 1 12.0 – 7 12.0 3.0
Ash,  g/kg 13 60.0 8.0 5 69.0 2.0 2 42.0 7.0 14 65.0 4.0
Starch, g/kg 1 14.0 – 1 9.0 – 1 19.0 – – – –
Acid  detergent fiber, g/kg 1 44.0 – 4 51.0 4.0 – – – 9 59.0 23.0
Neutral detergent fiber, g/kg 4 84.0 11.0 4 84.0 4.0 1 1.9 – 8 121.0 34.0
Total dietary fiber, g/kg 3 188.0 22.0 – – – – – – – – –
Calcium, g/kg 6 3.2 0.4 7 3.2 0.4 5 1.7 0.3 11 3.0 0.4
Phosphorus, g/kg 6 8.2 0.6 7 7.9 0.3 5 7.4 0.2 11 7.5 0.3
Indispensable amino acids, g/kg

Arginine 21 47.2 2.1 10 34.4 5.9 11 61.8 5.1 15 40.9 6.1
Histidine 21 17.8 2.5 10 13.1 2.5 11 21.5 1.5 15 14.5 1.5
Isoleucine 21 29.6 2.1 10 22.9 4.4 11 38.3 3.0 15 6.3 2.0
Leucine  21 50.7 3.1 10 38.9 7.0 8 66.4 5.0 15 43.8 5.2
Lysine  22 40.9 2.9 11 30.2 3.9 10 51.4 2.7 15 34.9 6.0
Methionine 22 8.2 1.7 11 7.1 1.0 11 11.1 1.8 15 7.6 1.4
Phenylalanine 21 33.3 2.5 10 25.7 4.3 11 43.4 2.8 15 29.0 2.9
Threonine 22 24.6 3.4 11 19.8 3.3 11 30.6 2.6 15 21.6 3.0
Tryptophan 16 7.8 2.7 11 6.8 1.0 7 11.0 0.7 14 7.6 0.5
Valine  21 30.7 4.1 10 24.9 4.2 11 40.1 1.9 14 26.9 1.8

Dispensable amino acids, g/kg
Alanine 18 26.8 5.5 10 22.2 3.5 7 35.7 3.6 15 24.8 2.9
Aspartic  acid 17 74.8 4.8 9 54.5 9.3 7 92.7 8.5 15 63.4 8.2
Cysteine 18 9.0 1.3 10 7.6 1.1 9 9.8 0.6 15 7.3 0.5
Glutamic acid 17 119.0 6.5 9 86.5 14.6 7 164.0 25.2 14 88.7 25.1
Glycine  18 26.6 3.0 10 21.3 3.5 7 35.7 3.8 15 23.8 2.5
Proline  16 35.7 3.8 9 25.9 5.7 7 44.4 6.6 14 28.3 7.0
Serine  17 33.0 2.6 10 23.2 3.6 7 42.9 7.5 15 25.8 6.1
Tyrosine  14 22.2 1.7 9 17.3 4.1 6 30.4 2.0 12 20.7 2.4

Table 17
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 high protein soybean meal, low protein soybean meal, and soybean expellers.

Item
High protein soybean meal Low protein soybean meal Soybean expellers

N X̄ SD N X̄ SD N X̄ SD

Digestible energy, MJ/kg 19 15.7 1.1 3 15.5 1.4 4 15.8 1.0
Metabolizable energy, MJ/kg 19 14.5 0.9 8 13.8 0.8 3 15.0 1.1
Net  energy, MJ/kg 2 9.2 2.7 1 10.7 – – – –
SID,  indispensable amino acids

Arginine 120 0.930 0.033 27 0.930 0.035 7 0.890 0.125
Histidine 119 0.880 0.053 28 0.880 0.046 7 0.890 0.025
Isoleucine 119 0.870 0.091 28 0.880 0.043 7 0.880 0.039
Leucine 119 0.860 0.089 28 0.870 0.038 7 0.870 0.042
Lysine  119 0.870 0.089 28 0.880 0.032 7 0.890 0.024
Methionine 113 0.880 0.096 24 0.900 0.043 7 0.860 0.056
Phenylalanine 118 0.870 0.088 28 0.870 0.032 7 0.870 0.059
Threonine 119 0.820 0.099 28 0.840 0.053 7 0.820 0.046
Tryptophan 95 0.860 0.121 19 0.890 0.035 4 0.860 0.089
Valine  119 0.850 0.092 28 0.850 0.033 7 0.860 0.044

SID,  dispensable amino acids
Alanine 94 0.830 0.104 23 0.860 0.048 6 0.870 0.019
Aspartic acid 93 0.850 0.107 23 0.860 0.035 6 0.870 0.023
Cysteine 106 0.780 0.139 18 0.820 0.052 5 0.840 0.039
Glutamic acid 94 0.860 0.103 23 0.880 0.029 6 0.890 0.031
Glycine  94 0.820 0.115 23 0.830 0.066 6 0.880 0.054
Proline  82 0.980 0.207 20 1.000 0.171 6 1.240 0.173
Serine  94 0.860 0.106 23 0.890 0.051 6 0.870 0.035
Tyrosine 70 0.870 0.114 24 0.870 0.094 6 0.860 0.056

STTD,  phosphorus 36 0.521 0.099 12 0.489 0.082 – – –
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Table  18
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 soy protein concentrate, fermented soybean meal, soy protein isolate, and enzyme treated soybean meal.

Item Ingredient

Soy protein concentrate Fermented soybean meal Soy protein isolate Enzyme treated soybean
meal

N X̄ SD N X̄ SD N X̄ SD N X̄ SD

Digestible energy, MJ/kg 2 14.9 4.1 2 16.5 0.2 1 17.4 – 4 16.4 0.1
Metabolizable energy, MJ/kg 1 14.7 – 2 14.5 0.06 1 15.0 – 4 14.9 0.1
Net  energy, MJ/kg 1 12.2 – 1 10.3 – 1 9.2 – – – –
SID,  indispensable amino acids

Arginine 15 0.960 0.018 4 0.930 0.037 7 0.950 0.041 8 0.960 0.026
Histidine 15 0.910 0.027 4 0.860 0.055 7 0.890 0.064 8 0.900 0.043
Isoleucine 15 0.910 0.026 4 0.860 0.054 7 0.880 0.089 8 0.890 0.035
Leucine 15 0.900 0.025 4 0.850 0.053 7 0.890 0.056 8 0.890 0.040
Lysine  15 0.910 0.027 4 0.800 0.071 7 0.920 0.037 8 0.850 0.046
Methionine 14 0.920 0.030 4 0.900 0.028 6 0.870 0.112 7 0.910 0.025
Phenylalanine 15 0.900 0.032 4 0.850 0.081 7 0.890 0.059 8 0.880 0.067
Threonine 15 0.860 0.039 4 0.800 0.085 7 0.830 0.079 8 0.830 0.054
Tryptophan 12 0.890 0.034 4 0.850 0.092 3 0.880 0.024 7 0.850 0.051
Valine  15 0.890 0.028 4 0.840 0.060 7 0.870 0.095 8 0.890 0.046

SID,  dispensable amino acids
Alanine 14 0.890 0.026 4 0.820 0.044 6 0.900 0.038 7 0.860 0.035
Aspartic acid 14 0.870 0.044 4 0.830 0.065 6 0.920 0.027 7 0.860 0.029
Cysteine 14 0.790 0.056 4 0.710 0.108 4 0.810 0.107 7 0.760 0.096
Glutamic acid 14 0.910 0.033 4 0.810 0.062 6 0.940 0.032 7 0.890 0.049
Glycine 14 0.880 0.029 4 0.790 0.042 6 0.900 0.032 7 0.870 0.069
Proline 12 1.040 0.089 3 1.060 0.228 5 1.210 0.321 6 1.210 0.240

Serine  14 0.910 0.031 4 0.580 0.058 6 0.930 0.029 7 0.870 0.038
Tyrosine 9 0.930 0.034 3 0.900 0.029 5 0.890 0.103 4 0.910 0.028

STTD,  phosphorus 3 0.504 0.066 2 0.655 – 1 0.480 – 1 0.663 –

are few restrictions on the use of SBM in diets fed to growing-finishing pigs or gestating or lactating sows, and SBM can,
therefore, be used as the sole source of additional AA in grain based diets fed to these groups of pigs. However, for pigs that
are less than 20 kg, SBM is usually not included as the sole source of supplemental AA. The reason for this is that in addition
to trypsin inhibitors, soybeans also contain lectins, antigens and oligosaccharides (Cervantes-Pahm and Stein, 2010). These
components are not a problem for pigs greater than 20 kg because the developed digestive tract of older animals is efficient
in fermenting the oligosaccharides and the lectins and antigens cause no harm to the older pigs. However, for pigs less than
20 kg, the antigens and the oligosaccharides result in reduced efficiency of digestion and inclusion of conventional soybean
meal is, therefore, limited in diets fed to these pigs (Li et al., 1990; Liying et al., 2003). To alleviate this problem, the antigens
and the oligosaccharides may  be removed from SBM, which can be accomplished via fermentation, enzyme treatment, or
alcohol extraction. Fermentation is usually accomplished by inclusion of one or several stains of microbes such as aspergillus
oryzae; Bifidobacterium lactis, lactobacillus subtilis, or other microbes (Feng et al., 2007; Song et al., 2010; Rojas and Stein,
2013). In contrast, enzyme treated SBM is produced by inclusion of proprietary enzymes and yeast during fermentation
for approximately 10 h (Cervantes-Pahm and Stein, 2010). Both fermentation and enzyme treatment results in removal of
oligosaccharides and sucrose from SBM and enzyme treatment also removes most of the antigens (Cervantes-Pahm and
Stein, 2010). Fermentation may  also reduce the size of the peptides in the SBM, which is believed to result in increased SID of
AA (Hong et al., 2004), but the peptide size is not always reduced in fermented SBM (Cervantes-Pahm and Stein, 2010), and
the SID of AA in fermented SBM and enzyme treated SBM has not been demonstrated to be greater than in conventional SBM
(Cervantes-Pahm and Stein, 2010; Rojas and Stein, 2013). In contrast, the standardized total tract digestibility of phosphorus
is greater in fermented SBM than in conventional SBM is no microbial phytase is used in the diet (Rojas and Stein, 2012).
The concentration of metabolizable energy in fermented or enzyme treated SBM is within the range of values reported for
conventional SBM, but slightly greater than in fish meal (Goebel and Stein, 2011b; Rojas and Stein, 2013).

Because of the removal of oligosaccharides, fermented SBM may  be included in diets fed to weanling pigs by up to approx-
imately 10% without causing any negative effects (Jones et al., 2010; Kim et al., 2010; Rojas and Stein, 2015a). Fermented
SBM may  be used in place of animal protein sources such as fish meal or poultry by product meal, and the need for adding
animal proteins to diets fed to weanling pigs may, therefore, be reduced if fermented or enzyme treated SBM is used.

Soy protein concentrate is produced by acid leaching at a pH of around 4.5 followed by extraction of water-soluble
carbohydrates from defatted SBM by ethanol (60–90%), and denaturing of the protein with moist heat and extraction with
water (Endres, 2001). The soluble carbohydrates that are removed during the ethanol extraction include the oligosaccharides

that are harmful to young pigs, but the majority of the fiber in SBM is insoluble fiber and remains in soy protein concentrate.
Soy protein concentrate must contain at least 65% CP on a dry matter basis (Deak et al., 2008), but functional differences
among different sources of soy protein concentrate may  be observed due to differences in the production process (Li et al.,
1991; Endres, 2001; Wang and Johnston, 2001).
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Soy protein isolate is the most concentrated form of soy protein that is available and it is produced by solubilizing the
rotein in SBM with water and precipitating the protein from the solution. This process removes the fat and carbohydrate
omponents from the product (Cromwell, 2000); therefore, soy protein isolate contains at least 90% CP on a DM basis (Endres,
001; Deak et al., 2008). The allergenic proteins glycinin and �-conglycinin are deactivated when soy protein concentrate
nd soy protein isolate are produced by extraction at temperatures greater than 50 ◦C (Sissons et al., 1982) and both products
re well tolerated by weanling pigs (Li et al., 1991). However, because of the high costs involved in producing soy protein
solate, this product is usually not used in the feeding of pigs.

.2. Canola and 00-rapeseed meal and canola and 00-rapeseed expellers

The development of rapeseeds with reduced concentrations of glucosinolates and erucic acid in the 1970’ties resulted
n increased usage of rapeseed products in diets fed to pigs (Daun, 2011). These new varieties are called canola in North
merica and Australia, and double-low rapeseeds or 00-rapeseeds in other countries in the world. The oil from 00-rapeseed
nd canola is mainly used for human consumption or for biodiesel production, but the meal or expellers that are the co-
roducts that are left after crushing of the seeds, may  be used in diets fed to pigs. The global production of canola and rapeseed

s approximately 71 million tons, which results in production of close to 40 million tons of canola meal or 00-rapeseed meal
Soy and Oilseed Blue Book, 2015).

The concentration of CP in 00-rapeseed meal and canola meal is usually between 35 and 40%, whereas the concentrations
n expellers is between 32 and 36% (Newkirk, 2011; Table 19 and 20), but there are no differences between canola meal and
0-rapeseed meal in terms of nutrient composition (Maison and Stein, 2014). Unlike the situation for SBM, it is not common
ractice to de-hull rapeseed and canola seeds before feeding to pigs, and the concentration of fiber is, therefore, greater in
anola and 00-rapeseed meal than in SBM with total dietary fiber values often being between 20 and 30%. The majority of
he fibers are pectic polysaccharides that are very complex and difficult to ferment, and the apparent total tract digestibility
f fiber is, therefore, relatively low (Maison et al., 2015a). As a consequence, the energy value in canola and 00-rapeseed
eal is less than in SBM, but greater than in sunflower meal (Adeola and Kong, 2014; Liu et al., 2014b, 2016; Berrocoso et al.,

015). There is, however, no difference in ME  between 00-rapeseed meal and canola meal (Maison et al., 2015a), but there
s a greater concentration of ME  in 00-rapeseed expellers compared with 00-rapeseed meal, which is due to the greater
oncentration of residual oil in the expellers compared with the meal (Maison et al., 2015a). Likewise, there is a greater
oncentration of metabolizable energy in canola expellers compared with canola meal (Woyengo et al., 2010).

The concentration of lysine is less in 00-rapeseed and canola meal compared with SBM, but the concentration of the
ulfur containing AA is greater in 00-rapeseed and canola protein than in soy protein (NRC, 2012). There is no difference
n the digestibility of AA between canola meal and 00-rapeseed meal, but 00-rapeseed expellers have AA digestibility that
s slightly greater than in 00-rapeseed meal (Woyengo et al., 2010; Maison and Stein, 2014). However, the digestibility of
A in canola meal is approximately 10 percentage units less than in SBM (Li et al., 2002; Liu et al., 2014b; Berrocoso et al.,
015), which may  be a result of the high concentration of fiber in canola and rapeseed protein because there is an inverse
elationship between the digestibility of AA in canola meal and the concentration of neutral detergent fiber (Fan et al., 1996).
here is also more variability in the SID values for AA that have been determined for 00-rapeseed meal, 00-rapeseed expellers
nd canola meal compared with SBM (Fan et al., 1996; Li et al., 2015a, 2015b). Some of this variability may  be a result of some
rushing plants overheating the meals during processing (Messerschmidt et al., 2014) because increased heat treatment of
anola or 00-rapeseed meal results in reduced SID of AA (Newkirk et al., 2003; Almeida et al., 2014a; Eklund et al., 2015).
orrect processing temperature is, therefore, important in the processing of 00-rapeseeds and canola seeds.

Concentrations of calcium and phosphorus in 00-rapeseed and canola meal are greater than in SBM, and the digestibility
f P in canola meal is relatively low (Adhikari et al., 2015), but there is no difference in the digestibility of P between canola
eal and 00-rapeseed meal or between 00-rapeseed meal and 00-rapeseed expellers (Maison et al., 2015b). However, if
icrobial phytase is added to the diets, the digestibility of phosphorus is between 50 and 70% in canola meal as well as

0-rapeseed meal and 00-rapeseed expellers (Maison et al., 2015b). The concentration of calcium in canola meal and 00-
apeseed meal is greater than in most other plant ingredients (Table 19). The true total tract digestibility of calcium in canola

eal is approximately 46%, but this value will increase to around 70% if microbial phytase is added to the diet (Gonzalez-Vega
t al., 2013).

New varieties of canola seeds with increased concentrations of CP have recently been introduced to the market and
rushing of these seeds results in production of high protein canola meal that contains 45–48% crude protein (Jia et al., 2012;
lominski et al., 2012; Trindade Neto et al., 2012; Liu et al., 2014b). The concentration of ME  in high protein canola meal
s comparable to that in conventional canola meal and the same is the case for the digestibility of AA (Trindade Neto et al.,
012; Berrocoso et al., 2015; Liu et al., 2014b, 2016).

Although the concentration in glucosinolates in canola meal and 00-rapeseed meal is much less than in old type rapeseed
eal, the concentration of glucosinolates may  vary between less than 5 micromol per gram to more than 20 micromol

er gram and it is assumed that the degree of heating during processing may to some degree impact the concentration

f glucosinolates in the meal (Messerschmidt et al., 2014). Glucosinolates in canola meal or 00-rapeseed meal may affect

odine metabolism (Tripathi and Mishra, 2007), which may  result in increased size of the thyroid gland and reduced plasma
oncentrations of thyroid hormones (i.e., thyroxine and trioiodothyronine) if canola meal or 00-rapeseedd meal is included
n the diets (Mullan et al., 2000; Parr et al., 2015).
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Table 19
Composition of canola meal, canola expellers, sunflower meal (dehulled), cottonseed meal, and peanut meal.

Item Ingredient

Canola meal Canola expellers Sunflower meal, dehulled Cottonseed meal Peanut meal

N X̄ SD N X̄ SD N X̄ SD N X̄ SD N X̄ SD

Gross energy, MJ/kg 45 17.9 0.5 15 19.7 1.2 4 18.1 0.4 20 17.8 0.8 1 19.4 –
Dry  matter, g/kg 96 908.0 21.0 17 928.0 19.0 10 915.0 9.0 44 909.0 21.0 6 918.0 11.5
Crude  protein, g/kg 130 373.0 27.0 20 358.0 36.0 11 387.0 46.0 52 369.0 79.0 11 467.0 46.0
Acid  hydrolyzed ether extract, g/kg 21 37.0 4.0 – – – 2 21.0 – 6 22.0 15.0 – – –
Ash,  g/kg 64 70.0 11.0 17 68.0 4.0 9 69.0 8.0 37 63.0 6.0 5 60.0 18.0
Starch,  g/kg 9 32.0 25.0 2 39.0 34.0 2 21.0 10.0 4 19.0 5.0 1 67.0 –
Acid  detergent fiber, g/kg 58 184.0 32.0 13 201.0 70.0 5 219.0 20.0 32 234.0 94.0 1 125.0 –
Neutral  detergent fiber, g/kg 74 271.0 51.0 20 279.0 89.0 5 307.0 9.0 23 284.0 66.0 1 162.0 –
Total  dietary fiber, g/kg 4 297.0 25.0 1 258.0 – – – – – – – – – –
Calcium, g/kg 47 7.1 1.4 11 6.8 1.0 2 3.8 0.2 8 3.0 1.0 2 3.9 1.6
Phosphorus, g/kg 48 10.6 0.8 12 1.5 1.4 2 12.2 0.8 18 7.9 3.4 2 5.8 0.3
Indispensable amino acids, g/kg

Arginine 102 22.1 2.5 19 19.0 2.9 8 32.7 3.4 18 44.1 15.5 8 52.2 5.6
Histidine 93 10.4 1.6 19 9.1 2.7 8 9.4 0.9 22 16.1 18.7 8 10.0 1.5
Isoleucine 101 14.5 1.3 19 15.7 4.5 8 15.6 1.8 22 13.2 4.6 8 14.3 1.5
Leucine  101 25.1 2.5 19 21.7 3.8 8 24.5 1.2 22 23.9 8.5 8 26.3 2.3
Lysine  102 20.7 2.3 19 17.4 3.4 8 14.2 1.1 24 16.2 5.7 8 14.8 1.4
Methionine 80 7.1 1.5 19 6.2 1.3 7 7.9 1.5 18 5.8 2.8 6 5.0 1.6
Phenylalanine 95 14.8 2.1 19 14.6 3.9 8 16.5 2.1 22 21.6 6.5 8 20.2 1.9
Threonine 102 15.5 3.3 19 13.3 2.2 8 13.6 0.8 22 13.3 4.5 8 12.4 2.0
Tryptophan 60 4.3 1.0 8 4.8 2.2 3 4.6 0.4 15 5.7 2.5 6 3.8 0.5
Valine  101 18.2 1.9 19 17.1 3.2 8 18.3 2.6 22 17.6 6.7 8 16.3 2.5

Dispensable amino acids, g/kg
Alanine 71 16.0 1.5 14 13.5 4.0 5 16.4 1.2 14 15.3 3.0 4 18.7 3.0
Aspartic acid 69 25.9 3.3 14 21.6 6.8 5 35.1 3.5 15 33.2 7.8 4 44.9 14.0
Cysteine 72 8.5 0.9 16 8.4 1.2 6 5.3 1.9 14 8.8 3.6 4 5.4 0.5
Glutamic acid 69 62.2 6.7 14 56.3 17.8 5 77.1 10.2 15 70.2 15.5 4 75.1 24.2
Glycine  71 18.0 1.8 14 16.1 4.9 5 21.2 1.9 15 5.9 3.1 4 27.3 4.0
Proline  69 21.8 4.1 9 15.3 9.7 5 18.2 5.1 12 14.9 4.2 4 15.2 8.2
Serine  71 14.1 2.2 14 10.8 4.4 5 15.5 2.2 15 17.9 6.0 4 21.3 2.6
Tyrosine 68 10.6 1.8 15 1.9 1.9 5 8.8 1.9 17 11.0 5.0 5 14.2 1.3
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Table 20
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 canola
meal,  canola expellers, sunflower meal (dehulled), cottonseed meal, and peanut meal.

Item Ingredient

Canola meal Canola expellers Sunflower Meal, dehulled Cottonseed meal Peanut meal

N X̄ SD N X̄ SD N X̄ SD N X̄ SD N X̄ SD

Digestible energy, MJ/kg 33 12.9 1.6 11 14.9 3.3 1 11.9 – 11 9.1 1.4 1 14.3 –
Metabolizable energy, MJ/kg 15 11.6 1.3 4 11.9 2.5 3 10.7 0.5 17 9.0 1.1 1 13.0 –
Net  energy, MJ/kg 1 6.2 – 5 11.5 2.6 1 8.2 – 1 6.2 – – – –
SID,  indispensable amino acids

Arginine 57 0.850 0.054 10 0.840 0.054 6 0.920 0.037 21 0.880 0.034 6 0.930 0.037
Histidine 51 0.790 0.099 10 0.800 0.034 6 0.830 0.070 21 0.740 0.083 6 0.810 0.081
Isoleucine 57 0.760 0.079 10 0.750 0.079 6 0.790 0.058 21 0.700 0.091 6 0.810 0.069
Leucine  57 0.780 0.069 10 0.800 0.042 6 0.790 0.051 21 0.730 0.072 6 0.800 0.073
Lysine  57 0.730 0.093 10 0.710 0.119 6 0.760 0.065 21 0.630 0.105 6 0.770 0.079
Methionine 55 0.830 0.066 10 0.840 0.035 5 0.850 0.031 17 0.730 0.133 4 0.830 0.044
Phenylalanine 51 0.770 0.076 9 0.790 0.079 6 0.800 0.066 21 0.810 0.052 6 0.870 0.047
Threonine 57 0.710 0.086 10 0.690 0.104 6 0.760 0.082 21 0.690 0.092 6 0.750 0.103
Tryptophan 34 0.760 0.098 6 0.700 0.148 3 0.790 0.072 12 0.720 0.099 4 0.750 0.045
Valine  57 0.730 0.089 10 0.700 0.099 6 0.780 0.075 21 0.730 0.078 6 0.770 0.081

SID,  dispensable amino acids
Alanine 42 0.760 0.061 9 0.740 0.080 4 0.720 0.030 18 0.700 0.086 2 0.820 0.086
Aspartic acid 42 0.740 0.069 9 0.710 0.136 4 0.750 0.035 18 0.760 0.061 2 0.910 0.011
Cysteine 47 0.740 0.065 7 0.710 0.081 4 0.790 0.072 8 0.750 0.091 1 0.810 –
Glutamic acid 42 0.830 0.064 9 0.840 0.051 4 0.850 0.019 17 0.840 0.047 2 0.920 0.017
Glycine  42 0.770 0.069 9 0.750 0.116 4 0.670 0.064 18 0.770 0.094 2 0.860 0.008
Proline  33 0.920 0.142 7 0.940 0.209 4 0.870 0.151 15 0.860 0.171 2 0.990 0.293
Serine  42 0.740 0.076 9 0.740 0.108 4 0.740 0.051 18 0.750 0.069 2 0.880 0.016
Tyrosine 37 0.760 0.084 9 0.760 0.099 4 0.760 0.055 15 0.760 0.059 1 0.920 –

STTD,  phosphorus 17 0.415 0.095 1 0.262 – 2 0.393 0.152 6 0.374 0.089 – – –
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Because of the difference in glucosinolate concentration among different sources of canola meal or 00-rapeseed meal,
pig responses to inclusion of canola meal or 00-rapeseed meal in the diets may be somewhat variable. However, it appears
that in diets for weanling pigs, at least 20–25% high protein or conventional canola meal may be used without reducing pig
performance (King et al., 2001; Landero et al., 2011, 2012b, 2013; Sanjayan et al., 2014) and inclusion of up to 40% may  be
possible if canola meal with low concentrations of glucosinolates is used (Parr et al., 2015). Likewise, inclusion of up to 24%
canola expellers in diets fed to weanling pigs has no or minimal impact on pig growth performance (Seneviratne et al., 2011;
Landero et al., 2012a; Le et al., 2014).

For growing-finishing pigs, numerous experiments have indicated that between 10 and 30% canola meal or 00-rapeseed
meal may  be used without detrimental effects on pig growth performance (Mullan et al., 2000; King et al., 2001; Kim et al.,
2015a). However, increasing the inclusion of canola expellers from 0 to 22.5% or canola meal from 10 to 30% in diets that
also contained 15 or 20% DDGS resulted in a linear reduction in pig growth performance and carcass weight (Seneviratne
et al., 2010; Smit et al., 2014a, 2014b). Complete replacement of SBM in diets fed to growing-finishing pigs resulted in a
reduction in average daily gain and in the gain to feed ratio during the growing phase, but not during the early finishing and
late finishing phases (Shelton et al., 2001). In contrast, results of recent research indicate that conventional and high protein
canola meal may  fully replace SBM in corn-based diets fed to growing-finishing pigs without any negative impacts on pig
growth performance or carcass quality if diets are fortified with sufficient levels of crystalline AA (Little et al., 2015). Thus it
appears that if canola meal is included in well balanced diets for growing-finishing pigs that do not contain other high-fiber
ingredients, there are few limitations to the inclusion rate, but if diets contain other high-fiber ingredients such as DDGS, or
if diets are not balanced for indispensable AA, a negative response may  be observed.

There is less information about inclusion of canola meal in diets fed to sows than in diets fed to weanling pigs or growing-
finishing pigs. However, inclusion of 10–20% 00-rapeseed meal in diets fed to sows has been reported not to impact sow or
litter performance (King et al., 2001; Schone et al., 2001; Opalka et al., 2003). Recent results from our laboratory indicate
that conventional or high protein canola meal may  replace all SBM in diets fed to gestating as well as lactating sows without
negatively impacting sow or pig performance (University of Illinois, unpublished).

5.3. Sunflower meal

Global production of sunflower seeds is approximately 40 million tons with Russia, Ukraine, and the European Union
being the major producers (Jocic and Miladinovic, 2015). The oil concentration in sunflower seeds is greater than 50%, which
is greater than in any of the other oil seeds. As a consequence, only around 16 million tons of sunflower meal is produced
on an annual basis (Soya and Oilseed Blue Book, 2015).

Sunflower meal contains 30–33% CP and 40–55% neutral detergent fiber (Rodriguez et al., 2013; Liu et al., 2015a). However,
due to the high fiber concentration of the hulls, sunflower meal is often fed to pigs only if the seeds were partially de-
hulled prior to crushing, resulting in a meal that contains approximately 38% CP and 30% neutral detergent fiber (NRC,
2012; Rodriguez et al., 2013). The concentration of lysine in sunflower protein is low, but the concentration of the sulfur
containing AA is greater than in soybean meal (NRC, 2012). The SID of AA in sunflower meal is less than in canola meal and
SBM (González-Vega and Stein, 2012; Nørgaard et al., 2012) although if concentrations of NDF is less than 30%, the SID of
AA can be close to values usually obtained in soybean meal (Almeida et al., 2014b). Significant differences among sources
of sunflower meal in terms of the SID of AA have been reported (Liu et al., 2015a), and this is likely a result of the relatively
large differences in neutral detergent fiber among sources. Thus, it appears that the digestibility of AA in sunflower meal is
reduced if the fiber concentration is increased. The relatively high concentration of fiber also reduces energy digestibility
and the concentration of ME  of partially dehulled sunflower meal is much less than in SBM and also less than in canola meal
(Rodriguez et al., 2013; Adeola and Kong, 2014).

More than 80% of the phosphorus in sunflower meal is bound to phytate resulting in a reduced digestibility of phosphorus
in sunflower meal compared with soybean meal and canola meal (Rodriguez et al., 2013). However, supplementation of diets
containing sunflower meal with microbial phytase increases the digestibility of phosphorus to more than 50% (Rodriguez
et al., 2013).

Sunflower meal has low concentrations of anti-nutritional factors, but results from experiments in which sunflower
meal was included in diets fed to weanling, growing, or reproducing swine have been highly variable (Dinussen, 1990).
Full replacement of SBM with sunflower meal during the entire growing-finishing period resulted in a reduction in average
daily gain and gain to feed ratio (Shelton et al., 2001). However, because diets were not balanced for metabolizable energy,
diets containing sunflower meal contained less metabolizable energy than diets containing SBM, which may  have been the
reason for this observation (Shelton et al., 2001). It is also possible that most of the negative effects that have been reported
when sunflower meal was used are a result of the low concentrations of lysine, threonine, and tryptophan in sunflower
meal and the negative effects may, therefore, be alleviated if diets are properly balanced for AA. Indeed, partially de-hulled

sunflower meal may  replace SBM in diets fed to weanling or growing-finishing pigs if diets are balanced for indispensable
AA (Wahlstrom et al., 1985; Dinussen, 1990). However, the high concentrations of fiber in sunflower meal may  sometimes
restrict inclusion rates to less than 15 or 20% (Chiba, 2001). Sunflower meal may  also be used as the main protein source in
diets fed to gestating and lactating sows if diets are balanced for AA (Dinussen, 1990).
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.4. Cottonseed meal

Cotton seeds are produced in many countries in the world and annual global production is approximately 44 million tons
Soy and Oilseed Bluebook, 2015). After removal of oil, lint and hulls, approximately 45% of the seed remains and is used
s cottonseed meal, and global production of cotton seed meal is approximately 15 million tons per year (Soy and Oilseed
luebook, 2015). The concentration of CP in cotton seed meal is between 37 and 45%, which is similar to that in canola meal
nd the concentration of neutral detergent fiber is between 25 and 30%, which is also similar to canola meal, but much
reater than in SBM. The concentration of lysine and most other indispensable AA is less in cottonseed meal than in canola
eal, but greater than in sunflower meal (González-Vega and Stein, 2012). However, the SID of most indispensable AA is

ess in cottonseed meal than in other oilseed meals (Tanksley et al., 1981; Prawirodigdo et al., 1998; González-Vega and
tein, 2012; NRC, 2012). The concentration of metabolizable energy in cotton seed meal has been recently determined to
e 11.3 mega joule per kg (Rodriguez et al., 2013), which is less than in most other oil seed meals. However, in a different
ource of cottonseed meal, the concentration of metabolizable energy was  approximately 13.1 mega joule per kg (Adeola
nd Kong, 2014).

Cottonseed meal contains more than 1% phosphorus, which is more than in most other oilseed meals (Rodriguez et al.,
013). The majority of the phosphorus is bound to phytate and the standardized total tract digestibility of phosphorus,
herefore, is only 45% if no microbial phytase is used, but if microbial phytase is added to the diet, the digestibility of
hosphorus increases to 60% (Rodriguez et al., 2013).

The major limitation to the use of cottonseed meal in diets for pigs is the concentration of the anti-nutritional factor
ossypol, which may  be present in by up to 5% or more in cottonseed meal. Gossypol may be either free or bound, and
he bound gossypol is not toxic to pigs, whereas free gossypol is toxic (Tanksley, 1990). During heat processing, gossypol
inds to lysine, which reduces the concentration of free gossypol, but also results in low digestibility of lysine (Yu et al.,
996). Gossypol also binds to iron salts and addition of iron sulfate in excess of what is needed by the pigs will reduce
inding of gossypol to lysine and results in greater digestibility of lysine (Clawson et al., 1975). It is, therefore, recommended
hat iron sulfate be added to diets that contain cottonseed meal in the same quantities as the quantities of free gossypol
n the diet, which will eliminate the toxic effects of gossypol (Knabe et al., 1979; Tanksley, 1990). There are also so-called
landless cottonseed varieties on the market and cotton seed meal from these varieties does not contain gossypol, and
he SID of indispensable AA in glandless cottonseed meal is equivalent to that of SBM (Tanksley et al., 1981; LaRue et al.,
985). Unfortunately, production of glandless cottonseed is not common and the majority of the meal on the market is from
onventional sources of cotton seed.

Inclusion of cottonseed meal in diets fed to pigs has not been extensively researched. However, based on data available in
he literature, it was concluded that cottonseed meal may  substitute up to 50% of the soybean meal in diets fed to growing-
nishing pigs and gestating sows and 25% in diets for lactating sows (Tanksley, 1990). There are very limited data for inclusion
f cottonseed meal in diets for weanling pigs, but data from one experiment indicate that up to 40% of the SBM in diets for
eanling pigs may  be replaced by glandless cottonseed meal (LaRue et al., 1985).

.5. Peanut meal

Peanuts (also known as “ground nuts”) are believed to originate in Northern Argentina, but cultivation has spread
hroughout the world where peanuts are grown in tropical and sub-tropical areas. Global annual production of peanuts
s approximately 40 million tons with more than 40% of world production taking place in China (Soy and Oilseed Bluebook,
015). Other countries with a notable production of peanuts include India, Nigeria, and the United States (Soy and Oilseed
luebook, 2015). The majority of peanuts are consumed by humans but approximately 7 million tons of de-oiled peanut
eal is available for animal feeding (Soy and Oilseed Bluebook, 2015).

The oil from peanuts may  be extracted using mechanical extraction, and the resulting peanut expellers contain 5–10%
ther extract (Chiba, 2001). However, if the oil is solvent extracted, the concentration of ether extract in the resulting peanut
eal is less than 2% (Chiba, 2001; Batal et al., 2005; Li et al., 2014). Peanut meal contains approximately 45% CP (Batal et al.,

005; Li et al., 2014). The concentration of indispensable AA in peanut meal is less than in SBM and canola meal, but the
igestibility of most AA is close to that observed in sunflower meal. The relative bioavailability of threonine and tryptophan

n peanut meal was estimated at 72–76% and 76–92%, respectively (Adeola, 2009). However, some variability in nutritional
omposition among sources of peanut meal has been reported (Batal et al., 2005). The concentration of metabolizable energy
as recently determined to vary from 12.7 to 15.5 mega joule per kg dry matter with an average of 13.9 mega joule per kg dry
atter (Li et al., 2014). Peanut meal is generally free of anti-nutritional factors, but there is a risk of peanut meal containing

flatoxins (Chiba, 2001; Batal et al., 2005).
Feeding diets containing peanut meal to weanling or growing pigs resulted in a reduction in growth performance, which

ay  have been caused by imbalances of indispensable AA (Combs and Wallace, 1962; Orok et al., 1975). However, growing
nd finishing pigs fed diets containing 10–20% peanut meal as well as 3–4% blood meal had growth performance that was

ot different from that of pigs fed diets based on SBM (Ilori et al., 1984). Likewise, replacement of SBM by peanut meal in
iets for growing and finishing pigs and inclusion of crystalline AA to balance concentrations of indispensable AA among
iets resulted in no reductions in growth performance or carcass characteristics (Shelton et al., 2001). These observations

ndicate that the reason for the poor performance observed in early studies with peanut meal may  be a consequence of
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Table  21
Composition of tropical oilseed meals.

Item Ingredient

Coprameal Copraexpellers Palm kernelmeal Palm kernelexpellers

N X̄ SD N X̄ SD N X̄ SD N X̄ SD

Gross energy, MJ/kg 2 18.2 0.6 4 18.2 1.2 4 17.4 1.5 8 18.0 1.2
Dry  matter, g/kg 3 907.0 21.0 3 912.0 28.0 8 915.0 23.0 7 912.0 19.0
Crude  protein, g/kg 3 217.0 6.0 4 202.0 3.0 8 150.0 14.0 7 152.0 12.0
Acid  hydrolyzed ether extract, g/kg 1 19.0 – – – – 1 13.0 – 2 68.0 8.0
Ash,  g/kg 3 62.0 4.0 3 57.0 5.0 8 35.0 6.0 7 39.0 3.0
Starch,  g/kg – 26.0 – 1 94.0 – 1 10.0 – 2 26.0 5.0
Acid  detergent fiber, g/kg 3 271.0 3.0 1 228.0 – 8 397.0 74.0 7 411.0 33.0
Neutral  detergent fiber, g/kg 3 547.0 2.0 1 414.0 – 8 666.0 83.0 7 667.0 81.0
Calcium, g/kg 2 0.8 0.5 1 0.4 – 4 2.2 0.4 4 3.1 0.6
Phosphorus, g/kg 2 5.4 0.2 1 5.2 – 4 5.8 0.6 4 5.2 0.1
Indispensable amino acids, g/kg

Arginine 1 20.8 – 1 21.7 – 5 31.2 38.4 2 15.3 11.6
Histidine 1 3.5 – 1 3.9 – 5 7.6 11.8 2 2.0 –
Isoleucine 1 6.6 – 1 6.2 – 5 13.7 19.1 2 4.7 0.1
Leucine 1 12.0 – 1 11.9 – 5 21.5 29.0 2 8.2 0.4
Lysine  1 4.2 – 1 5.4 – 6 9.0 12.6 2 3.7 0.4
Methionine 1 2.7 – 1 2.8 – 6 7.9 14.2 2 2.5 0.1
Phenylalanine 1 7.9 – 1 8.3 – 5 13.8 18.9 2 5.3 0.3
Threonine 1 5.5 – 1 6.1 – 6 10.7 15.5 2 3.7 0.1
Tryptophan 1 1.5 – 1 2.8 – 5 2.9 4.5 2 1.2 –
Valine  1 9.7 – 1 9.6 – 5 18.1 23.4 2 6.5 0.3

Dispensable amino acids, g/kg
Alanine 1 8.5 – 1 8.1 – 5 14.1 19.0 2 5.3 0.2
Aspartic acid 1 15.0 – 1 15.5 – 5 27.6 36.4 2 10.0 0.4
Cysteine 1 2.8 – 1 2.6 – 5 4.1 5.3 2 1.7 0.1
Glutamic acid 1 33.4 – 1 34.9 – 5 51.9 59.8 2 22.9 1.0
Glycine  1 8.2 – 1 8.4 – 5 14.4 18.3 2 5.8 0.1
Proline  1 6.0 – 1 7.0 – 5 10.2 14.1 2 4.0 0.1

Serine  1 7.1 – 1 8.9 – 5 13.7 14.1 2 5.0 0.2
Tyrosine 1 4.1 – 1 4.2 – 5 10.9 17.1 2 2.9 0.1

inadequate supply of indispensable AA. However, it appears that if indispensable AA are supplied in the quantities needed
by the animals, peanut meal may  be included in diets fed to growing or finishing pigs.

5.6. Palm kernel meal and palm kernel expellers

Palm kernel meal and palm kernel expellers are the co-products from crushing of the oil palm kernel and are produced
primarily in Southeast Asia, Africa, and Latin America. Global production of palm kernel meal and palm kernel expellers is
approximately 8.5 million tons per year (Soy and Oilseed Bluebook, 2015). Mechanical extraction of the oil from the palm
kernel is most common, which results in production of palm kernel expellers that have a concentration of ether extract of
6–8% (Tables 21 and 22). However, solvent extraction may  also be used to remove the oil, which results in production of
palm kernel meal that contains less than 2% ether extract. The species of the oil palm and the amount of shells from the
kernel that is included in the meal also may  influence nutrient composition. However, on average, palm kernel meal and
palm kernel expellers contain 15–18% CP and 3–4% ash. Compared with other oilseed meals, the concentration of neutral
detergent fiber is very high in palm kernel products and often exceeds 60%. The fiber is characterized by having a relatively
large concentration of beta (1–4) D-mannans and a high amount of lignin.

The nutritional value of palm kernel meal and palm kernel expellers was recently reviewed (Stein et al., 2015). The
concentration of indispensable AA is less than in other oilseed meals, but the SID of AA is generally less than in SBM although
some sources of palm kernel expellers may  have SID of AA that is close to that in SBM (Sulabo et al., 2013). However, a very
low SID of lysine has been reported for palm kernel expellers indicating that heat damage may  sometimes take place during
the de-oiling process (Son et al., 2014). Protein from palm kernel ingredients is also characterized by having a very high
concentration of arginine and the arginine to lysine ratio is approximately 4–1 (Stein et al., 2015). However, because pigs
are efficient in metabolizing arginine, this is not believed to result in any metabolic problems.

The digestibility of energy in palm kernel meal and palm kernel expellers is also less than in SBM because of the high
concentration of fiber and values for metabolizable energy of less than 12 Megajoule per kg have been reported for palm

kernel meal (Sulabo et al., 2013), whereas palm kernel expellers may  contain approximately 13 megajoule per kg (Agunbiade
et al., 1999; Sulabo et al., 2013). However, it is possible that addition of the enzyme mannanase may  increase the digestibility
of energy in palm kernel expellers (Mok  et al., 2013), although that is not always the case (Kwon and Kim, 2015; Mok  et al.,
2015).
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Table  22
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 tropical oilseed meals.

Item Ingredient

Copra meal Copra expellers Palm kernel meal Palm kernel expellers

N X̄ SD N X̄ SD N X̄ SD N X̄ SD

Digestible energy, MJ/kg 1 12.6 – 1 15.7 – 3 12.4 1.2 5 12.8 0.8
Metabolizable energy, MJ/kg 1 11.9 – 4 13.1 1.3 3 11.9 1.3 7 12.2 0.7
Net  energy, MJ/kg 1 7.3 – 1 10.9 – 1 8.5 – 1 8.9 –
SID,  indispensable amino acids

Arginine 1 0.910 – 1 0.580 – 4 0.810 0.097 2 0.900 0.030
Histidine 1 0.830 – 1 0.580 – 4 0.610 0.205 2 0.840 0.026
Isoleucine 1 0.820 – 1 0.580 – 4 0.620 0.168 1 0.430 0.602
Leucine 1 0.820 – 1 0.580 – 4 0.660 0.175 1 0.420 0.596
Lysine  1 0.730 – 1 0.580 – 4 0.460 0.229 1 0.390 0.557
Methionine 1 0.860 – 1 0.580 – 4 0.680 0.138 1 0.440 0.515
Phenylalanine 1 0.850 – 1 0.580 – 4 0.690 0.166 1 0.430 0.608
Threonine 1 0.770 – 1 0.580 – 4 0.600 0.188 1 0.390 0.553
Tryptophan 1 0.880 – 1 0.580 – 1 0.880 – 1 0.450 0.636
Valine  1 0.790 – 1 0.580 – 4 0.670 0.125 1 0.410 0.586

SID,  dispensable amino acids
Alanine 1 0.780 – 1 0.580 – 4 0.610 0.176 1 0.410 0.578
Aspartic acid 1 0.790 – 1 0.580 – 4 0.530 0.174 1 0.390 0.554
Cysteine 1 0.680 – 1 0.580 – 4 0.460 0.214 1 0.390 0.548
Glutamic acid 1 0.800 – 1 0.580 – 4 0.680 0.106 1 0.420 0.596
Glycine  1 0.760 – 1 0.580 – 4 0.570 0.169 1 0.420 0.592
Proline  1 1.290 – 1 0.580 – 3 0.880 0.291 1 0.690 0.968
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Serine  1 0.820 – 1 0.580 – 4 0.750 0.057 1 0.410 0.585
Tyrosine 1 0.830 – 1 0.580 – 4 0.530 0.262 1 0.420 0.592

STTD,  phosphorus 1 0.706 – 1 0.717 – 2 0.579 – 4 0.447 0.055

The concentration of P in palm kernel meal and palm kernel expellers is between 0.5 and 0.6 and approximately 60% of
he P is bound to phytate (Almaguer et al., 2014). As a consequence, the standardized total tract digestibility of P in palm
ernel expellers and palm kernel meal is increased from 35 to 50% to approximately 70% if microbial phytase is added to the
iet (Son et al., 2013; Almaguer et al., 2014; Mok  et al., 2015).

Because of the low energy value in palm kernel meal and palm kernel expellers, these ingredients are usually not included
n diets fed to weanling, growing, or reproducing pigs in quantities greater than around 20% (Stein et al., 2015). However,
f diets are balanced for metabolizable energy and SID AA, up to 15% of palm kernel meal may  be included in diets fed to

eanling pigs from two weeks post-weaning without reducing animal growth performance (Jaworski et al., 2014), whereas
nclusion of 15% palm kernel expellers reduced growth performance. For finishing pigs, inclusion of 5% palm kernel meal
ad no effect on animal growth performance if diets were also fortified with a carbohydrase enzyme complex (Ao et al.,
011) and diets for lactating sows may  contain at least 20% palm kernel expellers without negative impacts on sow or litter
erformance (Kim et al., 2015b).

.7. Copra meal and copra expellers

The production of copra meal and copra expellers is less than that of any other oilseed meal and annual global production
s estimated at less than two million tons (Soy and Oilseed Bluebook, 2015). Yet, in some areas of Southeast Asia and
frica, copra products are the main protein sources available to the local swine industry (Stein et al., 2015). The nutritional
omposition of copra meal and copra expellers is somewhat similar to that of palm kernel meal and palm kernel expellers
ith a relatively low concentration of CP (20–22%) and a high concentration of fiber. The concentration of arginine in copra
eal and copra expellers is approximately 10% of CP and the arginine to lysine ratio is close to 5–1 (Stein et al., 2015).

n general, the quality of copra protein is relatively low, and diets containing copra expellers or copra meal need to be
upplemented with synthetic AA. However, the SID of most AA in copra meal and copra expellers is greater than in palm
ernel meal and palm kernel expellers (Sulabo et al., 2013; Son et al., 2014). The concentration of metabolizable energy in
opra meal is greater than in palm kernel meal (Sulabo et al., 2013), but the concentration of metabolizable energy in copra
xpellers is not greater than in palm kernel expellers (Kwon and Kim, 2015). The concentration of phytate in copra meal is
ess than in palm kernel meal and the digestibility of phosphorus is, therefore, greater in copra meal and copra expellers
han in most other oilseed meals (Son et al., 2013; Almaguer et al., 2014).

Because a large proportion of the fiber in copra is soluble, inclusion of copra meal or copra expellers in diets fed to pigs

ill increase diet water binding capacity and diet bulk (Jaworski et al., 2014), which may  be the main limiting factor in

tilization of copra products in diets fed to pigs (Stein et al., 2015). There are very few recent reports on effects of adding
opra meal or copra expellers to diets fed to growing-finishing pigs, and it is, therefore, not possible to know how modern
ean pigs with a limited capacity for feed intake respond to copra meal or copra expellers. It is possible that modern high
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lean pigs will be more negatively affected by the high water binding capacity of diets containing copra products than older
genotypes, and inclusion of copra meal in diets for weanling pigs should, therefore, be limited to less than 10% because
greater inclusion rates will reduce pig growth performance (Jaworski et al., 2014).
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