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Chapter 1 

Introduction 
 

Corn, the most expensive ingredient in swine feed, has seen a dramatic increase in 

price recently.  The increased price of corn largely contributes to a high feed cost, which 

represents about 70% of the total cost of pig production, and in turn causes low profits for 

pig producers (Barnes et al., 2012).  Therefore, it is very important to identify alternatives 

to corn to improve profitability in pig production.  Distillers dried grains with solubles 

(DDGS), an important co-product of bio-fuel production, has seen a marked surge in 

growth and availability (Leibtag, 2008).  This surge of supply in recent years has 

stimulated many new investigations into improving the production efficiency and 

widespread application of DDGS in swine feeds (Stein and Shurson, 2009).  Dry-grind 

milling is a common process used for ethanol production (Liu, 2011).  Through 

fermentation of starch in corn, ethanol and carbon dioxide are produced and unfermented 

nutrients are concentrated 3-fold in the resulting DDGS (Davis, 2011).  The rich content 

of CP, AA, P, and other nutrients in DDGS has made DDGS a marketable and valuable 

alternative to corn in swine feeds (Stein, 2007).  However, concerns exist for using 

DDGS in swine diets, which include nutrient variability among DDGS sources, oxidized 

fat and low Lys digestibility due to heat damage, and presence of mycotoxins (Cromwell 

et al., 1993; Spiehs et al., 2002; Zhang and Caupert, 2012).   

Researchers have concluded after extensive study, that DDGS can be included in 

wean-to-finish swine diets at 30% without affecting growth performance, carcass 

characteristics, and fat quality (Stein and Shurson, 2009).  In lactating sows, DDGS can 
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comprise up to 30% of diets without negatively affecting sow or litter performance (Song 

et al., 2010).  Wilson et al. (2003) suggested that feeding DDGS-containing diets to sows 

in both gestation (50%) and lactation (20%) increased litter size at birth in the second 

reproductive cycle but not the first cycle.  However, as more emphasis is focused on 

increasing litter size, the large within-litter variation due to an increasing number of low 

birth weight pigs has become an emerging issue (Johnson et al., 1999).  Pigs with low 

birth weight are not desired because they exhibit high pre-weaning mortality, slow 

growth rate, low carcass yield, and more carcass fatness than average birth weight pigs. 

This leads to reduced profitability for pig producers (Milligan et al., 2002; Holm et al., 

2004).  Intrauterine growth retardation (IUGR) and placental inefficiency seem to be 

logical explanations for the cause of low birth weight pigs (Foxcroft et al., 2006; Vallet 

and Freking, 2007).  Researchers have explored nutritional strategies to solve the problem 

of low birth weight pigs through manipulation of fetal programming.  Fetal programming 

is a relatively new concept in swine production and suggests that fetal development in 

utero can permanently affect postnatal growth (Wu et al., 2004).  Secondary lipid 

peroxidation products from oxidized fat in DDGS may adversely affect fetal growth and 

increase the number of low birth weight pigs.  To date, no studies have evaluated the 

effects of feeding DDGS containing oxidized lipids to pregnant sows on piglet birth 

weight and postnatal growth. 

Dietary DDGS with high fiber content can reduce nutrient digestibility, which can 

increase fecal output (Xu et al., 2006a; Urriola et al., 2009).  The greater fecal excretion 

due to feeding DDGS may increase manure volume and lead to an increase need for 

manure storage space resulting in increased management costs (Jarret et al., 2011a,b).  
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Feeding DDGS to pigs may also alter nutrient composition of manure used as organic 

fertilizer to support crop growth (Xu et al., 2006b; Dahlen et al., 2011).  High 

concentrations of CP in DDGS may potentially increase N excretion, while high 

bioavailability of P in DDGS may decrease P excretion in manure (Stein and Shurson, 

2009).   

Sow welfare concerns have made housing systems for gestating sows (group pens 

or individual stalls) a controversial and challenging issue.  The limitation of sow freedom 

in stall housing has been perceived as welfare unfriendly, forcing pig producers to 

transition from individual stalls to group pens (CAST, 2009).  Sows housed in group pens 

had similar reproductive performance and longevity, but also had more injuries due to the 

aggressive behavior at feeding and mixing compared with sows housed in stalls (Barnett 

et al., 2001; Anil et al., 2005).  Sow welfare can be improved by increased dietary fiber as 

indicated by the reduced occurrence of stereotypical behaviors of gestating sows in 

restricted feeding systems (Johnston et al., 2003; Spoolder and Verstegen, 2003).  This 

beneficial effect of dietary fiber suggests that feeding DDGS with high fiber content may 

improve longevity of gestating sows.   

Thus, interactive effects between DDGS in the diet and housing system may exist 

for sow performance and longevity.  Dietary DDGS included in sow diets may increase 

manure production and change manure composition.  Furthermore, feeding DDGS 

containing high amounts of oxidized fat to sows may increase the incidence of low birth 

weight pigs and compromise postnatal growth of progeny. 
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Chapter 2 

Literature Review 
General DDGS 

Production Trends and Process 

The increasing demand for ethanol as a fuel additive and decreasing dependency 

on fossil fuels have led to a phenomenal increase in fuel-ethanol production, from about 

6.5 billion liters in 1999 to more than 39 billion liters in 2009 (RFA, 2010).  Analysts 

(EPA, 2009) estimated that ethanol production could reach 57 billion liters in the United 

States by 2012.  Accompanying this surge in ethanol production, the supply of DDGS has 

increased exponentially.  In 2011, the United States ethanol industry produced 

approximately 19.8 million metric tons of DDGS for livestock markets with about 10% 

of the total production used in swine feeds (RFA, 2011).  The ample supply has made 

DDGS an economically viable alternative ingredient for pig producers. 

Grains are the primary resources for ethanol production using either a wet milling 

or dry-grind process, which are the two major industrial methods for producing ethanol 

(Weigel et al., 1997).  During the dry-grind process, about 90% of starch in grains can be 

fermented into ethanol and carbon dioxide, and the reminder of the grain constituents 

such as protein, lipids, fiber, minerals, and vitamins are concentrated into DDGS (Davis, 

2001).  In the United States, corn is used predominately for producing DDGS. One 

hundred kilograms of corn can produce 34.4 kg of ethanol, 34.0 kg of carbon dioxide, 

and 31.6 kg of DDGS (Fastinger and Mahan, 2006).  Liu (2011) summarized the 

conventional manufacturing process for DDGS from corn-based ethanol production.  

Conventional ethanol production consists of 6 sequential steps, which include dry 
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milling, liquefaction, saccharification, fermentation, distillation, and co-product recovery 

(Figure 2.1).  During the last step of co-product recovery, condensed solubles are mixed 

with distillers wet grains to become wet distillers grains with solubles (WDGS) and then 

dried into DDGS. 

 

Figure 2.1. Schematic diagram of conventional dry-grind ethanol production from corn 
(Liu, 2011) 
1About 15% or more of the thin stillage is mixed with the ground grain and the remaining 
thin stillage is concentrated into condensed solubles through evaporation.   
2Wet distillers grains with solubles.   
3Distillers dried grains with solubles. 

Compositional Differences among Sources 

The nutritional value of DDGS has received much attention from swine 

nutritionists.  However, variation in quantity and quality of nutrients among different 

sources is  a challenge using DDGS in swine  diets (Stein and Shurson, 2009).  Grains 

such as corn, sorghum, and wheat or blends of grains are used to manufacture DDGS in 

1

2

3
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North America, which contributes to nutrient variability (Spiehs et al., 2002).  

Throughout this dissertation, all references will assume corn-based DDGS unless noted 

otherwise. 

Most starch in the grain is converted to ethanol during the fermentation process, 

resulting in a large amount of fiber in DDGS (35% insoluble fiber and 6% soluble fiber; 

Stein and Shurson, 2009).  This high concentration of fiber in DDGS contributes to the 

greater concentration of GE (5,434 vs. 4,496 kcal/kg of DM) and lower apparent total 

tract digestibility of energy (76.8% vs. 90.4%) compared with corn (Pedersen et al., 

2007).   Consequently, the measured values of DE and ME in DDGS are similar to the 

DE and ME values in corn (Spiehs et al., 2002; Pedersen et al., 2007).  Variability in the 

energy and nutrient composition of DDGS exists even within a single source of DDGS 

(Stein and Shurson, 2009).  Analyzed concentrations of energy and nutrients from 

previous studies are summarized in Table 2.1.  The variability of DE and ME 

concentrations in 118 DDGS samples was around 3% (Spiehs et al., 2002).  Pedersen et 

al. (2007) reported that the variability of DE and ME concentrations in 10 samples were 

5.0% and 5.4%, respectively.  Cromwell et al. (1993) evaluated CVs for CP, fat, ADF, 

and NDF of DDGS on a DM basis from 9 different sources and found that variability 

existed among DDGS samples, especially ADF and NDF.  Spiehs et al. (2002) 

investigated the nutrient content and variability of DDGS in 118 samples from 10 fuel 

ethanol plants during 1997, 1998, and 1999 and found the CVs ranged from 1.7% for DM 

to 28.4% for ADF.  Belyea et al. (2004) reported the CVs of CP, fat, P, starch, and ADF 

of 5 DDGS samples from a fuel-ethanol plant in Minnesota were relatively low at 6 to 

10%.  Pedersen et al. (2007) determined variability of fat and P was over 10% in 10 
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DDGS samples from various ethanol plants.  Recently, Liu (2008) found the CV for 

starch in 6 DDGS samples was more than 25%.  Stein and Shurson (2009) also reported 

high CVs for ADF and NDF in 46 DDGS samples.  
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Table 2.1.  Published nutrient composition of distillers dried grains with solubles (DDGS) from different sources (DM basis) 

Source  
No. of 

samples 
DM, % 

DE, 
kcal/kg 
of DM 

ME, 
kcal/ kg 
of DM 

CP, % Fat, % P, % 
Starch, 

% 
ADF, 

% 
NDF, 

% 

Cromwell et al. 
(1993) 

Mean 9 90.5 - - 29.7 10.7 - - 15.9 38.8 
Minimum  87.1 - - 26.0 9.1 - - 11.4 33.1 
Maximum  92.7 - - 31.7 14.1 - - 20.8 43.9 
CV, %  1.8 - - 5.3 6.3 - - 21.1 10.0 

Spiehs et al. (2002) Mean 118 88.9 3,990 3,749 30.2 10.9 0.89 - 16.2 42.1 
Minimum  87.2 - - 28.7 10.2 0.70 - 13.8 36.7 
Maximum  90.2 - - 31.6 11.4 0.99 - 18.5 49.1 
CV, %  1.7       3.2      3.3 6.4 7.8  11.7 - 28.4 14.3 

Belyea et al. (2004) Mean 235 - - - 31.4 12.0 0.85 5.3 16.8 - 
Minimum  - - - 30.8 10.9 0.71 4.7 15.4 - 
Maximum  - - - 33.3 12.6 0.94 5.9 19.3 - 
CV, %  - - - 6.3 5.6    8.7 9.7 9.3 - 

Pedersen et al. (2007) Mean 10 87.6 4,140 3,897 32.2 11.7 0.70 8.2 11.6 27.6 
Minimum  86.2 3,947 3,674 29.8 9.6 0.57 4.7 9.9 23.1 
Maximum  89.7 4,593 4,336 36.1 13.4 0.85 14.6 13.4 29.7 
CV, %  1.4       5.0       5.4 6.4 13.6  14.6 39.9 11.5 7.1 

Liu (2008) Mean 6 - - - 27.4 11.7 - 4.9 - - 
Minimum  - - - 25.8 11.0 - 3.2 - - 
Maximum  - - - 29.1 12.2 - 5.7 - - 
CV, %  - - - 4.0 4.0 - 25.7 - - 

Stein and Shurson 
(2009) 

Mean 46 - - - - - - 7.3 9.9 25.3 
Minimum - - - - - - 3.8 7.2 20.1 
Maximum - - - - - - 11.4 17.3 32.9 
CV, %  - - - - - - 19.2 12.1 19.0 
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Like proximate composition, variation in individual AA contents exists among 

DDGS sources (Table 2.2).  Cromwell et al. (1993) reported Lys was the most variable 

among 10 indispensable AA in 9 DDGS samples with a CV of 18.7%.  Similarly, Lys 

had the greatest variability compared with other measured indispensable AA for 118 

DDGS sources in the study of Spiehs et al. (2002).  Both Lys and Trp had large CVs in 

the data of Batal and Dale (2006) and Pedersen et al. (2007).  Han and Liu (2010) found 

other indispensable AA, such as Ile, Met, and Val to be highly variable.  In contrast, the 

concentration of dispensable AA seem to be fairly consistent (Batal and Dale, 2006; 

Pederson et al., 2007; Han and Liu, 2010).  The studies referenced above indicate that 

nutrient content in DDGS varied not only among production plants but also between 

batches within the same plant.
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Table 2.2.  Published AA concentrations (%) of distillers dried grains with solubles (DDGS) from different sources1 

Source  

No. of 
samples 

Indispensable AA, % 
 Dispensable 

AA,% 

Arg His Ile Leu Lys Met Phe Thr Trp Val  Cys Glu 

Cromwell 
et al. 
(1993) 

Mean 9 1.18 0.80 1.13 3.69 0.78 0.57 1.61 1.13 0.22 1.49 - - 
Minimum  0.95 0.65 1.06 3.05 0.48 0.49 1.39 0.99 0.18 1.30 - - 
Maximum  1.33 0.93 1.26 4.40 0.97 0.61 1.91 1.28 0.25 1.64 - - 
CV, %    9.7  12.6 5.9  12.6  18.7    6.6    9.5  10.0   11.1    7.2 - - 

Spiehs et 
al. (2002) 

Mean 118 1.20 0.76 1.12 3.55  0.85 0.55 1.47 1.13 0.25 1.50 - - 
Minimum  1.11 0.72 1.05 3.51 0.72 0.49 1.41 1.07 0.21 1.43 - - 
Maximum  2.17 0.82 1.17 3.81 1.02 0.69 1.57 1.21 0.27 1.56 - - 
CV, %    9.1    7.8 8.7    6.4 17.3   13.6    6.6    6.4    6.7    7.2 - - 

Batal and 
Dale 
(2006) 

Mean 235 1.09 0.69 0.97 3.05 0.71 0.54 1.31 0.96 0.20 1.33 0.56 3.49
Minimum  - - - - - - - - - -  - - 
Maximum  - - - - - - - - - -  - - 
CV, %  14.7    8.7 6.2    4.6 22.5  11.1   3.0   6.2   25.0   5.3  7.1 6.9 

Pedersen 
et al. 
(2007) 

Mean 10 1.27 0.76 1.09 3.53 0.81 0.68 1.40 0.95 0.19 1.44  0.38 5.38
Minimum  1.12 0.66 1.03 3.08 0.64 0.63 1.25 0.85 0.16 1.28 0.35 4.65
Maximum  1.50 0.89 1.27 4.33 1.04 0.80 1.68 1.12 0.23 1.70 0.43 6.45
CV, %    8.8    8.2 8.5    9.6 13.6    8.0    8.5    7.7   12.1    7.9   6.9    8.5 

Han and 
Liu 
(2010) 

Mean 3 1.29 0.91 1.03 3.50 1.04 0.72 1.50 1.17 - 1.56    0.57 5.48
Minimum  1.16 0.82 0.91 3.18 0.88 0.65 1.37 1.06 - 1.40 0.53 4.94
Maximum  1.40 1.01 1.25 3.91 1.15 0.76 1.76 1.26 - 1.80 0.60 6.01
CV, %  9.4 10.4 18.9 10.6 13.6   8.4 14.8    8.7 -  13.7   6.3   9.8 

1Nutrient values are expressed on a DM basis except for data of Batal and Dale (2006), which are expressed on an as-fed basis.  
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Lys Level and Digestibility  

Standardized ileal digestibility (SID) of Lys has been shown consistently to be the 

most variable among indispensable AA’s in DDGS samples (Table 2.3; Fastinger and 

Mahan, 2006; Stein et al., 2006, 2009; Pahm et al., 2008a; Urriola et al., 2009).  High 

temperature of drying WDGS to produce DDGS can be a significant contributor to the 

variable and low Lys digestibility compared with the digestibility of other AA among 

different DDGS sources (Cromwell et al., 1993; Stein et al., 2006; Urriola and Stein, 

2010).  The Maillard reaction between carbohydrates, such as glucose, and the ε-amino 

group of Lys occurs under high temperature conditions, which leads to a large amount of 

Lys rendered unavailable to the pigs (Pahm et al., 2008b).  Pahm et al. (2009) determined 

that 76% of the total Lys in DDGS is available to pigs.  Batal and Dale (2006) suggested 

that the concentration of SID Lys is correlated sometimes with color scores.  Minolta and 

Hunter color scores measured by lab spectrophotometers may be a quick but not a 

sensitive method of predicting the digestibility of Lys in DDGS (Cromwell et al., 1993; 

Fastinger and Mahan, 2006).  Methods for measuring the digestibility of AA in DDGS 

include immobilized digestive enzyme assay (IDEA; Schasteen et al., 2005), 

pepsin/pancreatin-based procedure (Pedersen et al., 2005), or the reactive Lys analysis 

(Pahm et al., 2006), but the accuracy of these measurements needs to be validated.  

Urriola et al. (2007a,b) found that it is more accurate to estimate the digestibility of Lys 

and other AA in DDGS by detecting the optical density and front-face fluorescence of 

DDGS samples.  In summary, the content and SID of Lys is variable and can be affected 

by drying conditions of DDGS production.  Thus, these factors should be considered 

when formulating diets containing DDGS. 
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 Table 2.3.  The standardized ileal digestibility (SID) of AA in distillers dried grains with solubles (DDGS) fed to growing pigs 

Source 

 
No. of 

Samples 
Indispensable AA, %  

Dispensable 
AA,% 

Arg His Ile Leu Lys Met Phe Thr Trp Val  Cys Glu 
Fastinger 
and Mahan 
(2006) 

Mean 5 80.4 73.7 75.9 82.4 51.2 80.7 79.5 67.7 75.4 73.7   67.1   80.0 
Minimum  74.6 70.2 69.2 76.3 38.2 73.2 74.3 56.1 66.0 66.2   57.5   72.5 
Maximum  82.3 76.2 79.0 85.6 61.5 83.3 81.9 72.0 79.6 76.4   72.0   85.5 
CV  4.0 3.1 5.1 4.8 19.2 5.3 3.8 9.8 7.3 5.8     8.5     6.5 

Stein et al. 
(2006) 

Mean 10 77.2 73.4 71.7 80.3 56.8 79.3 77.7 67.0 77.4 70.6   71.2   73.8 
Minimum  74.9 70.0 67.4 75.1 43.9 73.9 74.4 64.0 74.1 67.3   66.0   67.4 
Maximum  80.8 76.4 75.3 83.5 63.0 84.7 80.5 70.6 80.1 74.0   77.1   79.1 
CV  2.9 3.2 3.5 3.6 10.5 4.3 3.1 3.7 2.7 3.3     5.4     5.3 

Pahm et al. 
(2008a), 
exp. 1 

Mean 5 90.4 80.7 80.1 85.5 68.5 85.5 84.9 74.7 70.8 79.3 73.7 84.7
Minimum  88.4 78.9 78.9 83.2 65.8 84.9 84.6 73.9 67.9 78.2 71.7 82.9
Maximum  92.0 82.1 80.6 87.3 72.8 86.6 85.1 75.1 73.6 80.5 77.6 86.3
CV  1.8 1.4 1.1 2.0 4.3 0.9 0.2 1.0 3.8 1.0 3.2 1.8

Pahm et al. 
(2008a), 
exp. 2 

Mean 6 80.1 79.8 77.4 84.0 64.8 82.9 81.9 72.4 68.6 77.0 76.1 82.0
Minimum  72.9 70.7 69.2 77.0 51.4 73.9 75.3 63.8 59.7 68.7 67.5 74.3
Maximum  86.2 83.4 81.8 88.6 74.5 86.8 85.8 78.0 75.0 81.8 80.6 86.4
CV  6.6 6.3 6.2 5.1 14.4 5.9 4.9 7.2 7.3 6.4 6.2 5.5

Stein et al. 
(2009) 

Mean 4 83.7 81.2 76.7 86.8 66.5 84.0 83.2 78.9 60.1 76.0 77.3 84.8
Minimum  78.3 72.3 66.5 80.3 54.6 77.8 76.4 71.6 45.9 65.8 68.8 78.0
Maximum  89.9 88.9 84.9 92.2 78.4 89.2 89.4 87.2 75.5 83.9 85.8 91.4
CV, %  7.3 9.4 12.1 6.8 17.5 7.2 8.2 10.0 24.0 12.0 9.4 7.4

Urriola et 
al. (2009) 

Mean 8 81.5 79.4 76.0 86.0 61.6 82.8 82.4 70.2 64.9 76.0 74.2 83.8
Minimum  75.7 76.4 71.1 82.9 55.7 78.9 78.1 63.6 56.2 70.9 68.9 80.3
Maximum  86.2 83.6 81.0 89.4 68.7 87.1 86.1 75.9 72.0 81.3 80.4 87.3
CV, %  4.5 4.3 5.2 2.8 8.2 3.8 3.6 6.7 9.1 5.2 6.0 3.1
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P Level and Digestibility 

Mineral content of DDGS has been characterized (Spiehs et al., 2002; Batal and 

Dale, 2003; Belyea et al., 2006; Liu and Han, 2011).  Phosphorus has received the most 

attention because of its relative high cost and its significant environmental implications 

(Rausch and Belyea, 2006).  Corn contains about 0.26% P (NRC, 1998), but most P is 

bound in phytate, which is poorly digested by pigs (Selle and Ravindran, 2008).  A 

reduction of phytate concentration occurs during the fermentation of grains (Lopez et al., 

1983; Mahgoub and Elhag, 1998).  Hence, the fermentation of corn in production of 

DDGS releases a high proportion of P from phytate leading to a relatively high 

bioavailability.  Researchers (Burnell et al., 1989; Whitney and Shurson, 2001) have 

determined relative P bioavailability in DDGS to be about 70 to 90% of the 

bioavailability of P in dicalcium phosphate.  To further enhance P utilization, dietary 

supplementation of phytase hydrolyzes phytate in DDGS and liberates P in the 

gastrointestinal tract, and thus promotes P absorption, improves P digestibility, and 

decreases P excretion in pigs (Selle and Ravindran, 2008; Almeida and Stein, 2010, 2012; 

Yáñez, et al., 2011).  The level of supplemental inorganic P in swine feed is reduced 

when DDGS and phytase are included. 

Positive and Negative Nutrient Characteristics 

Fiber 

Positive Effects.  Distillers dried grains with solubles contains a higher 

percentage of fiber (35% insoluble fiber and 6% soluble fiber) than other traditional 

dietary ingredients such as corn and soybean meal (Stein and Shurson, 2009).  Some 

studies have suggested that litter size may be increased by long-term feeding of high-
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fiber diets.  Feeding a fibrous diet with 6% soybean hulls and 38% sugar beet pulp to 

gestating sows and 20% sugar beet pulp to lactating sows for the first 3 parities increased 

litter size (van der Peet-Schwering et al., 2003).  Veum et al. (2009) also found that sows 

fed high-fiber diets containing 13% ground wheat straw for 3 successive reproductive 

cycles had larger litter size and heavier weight at birth and weaning during the second 

and third reproductive cycles.  The reason why long-term supplementation of high fiber 

diets to pregnant sows can improve litter size is not fully understood.  One possible 

mechanism is that appetite of lactating sows could be improved by the change of 

circulating leptin during the previous pregnancy, which may result in a higher feed intake 

and a less negative energy balance during lactation, and eventually increase embryo 

survival in subsequent parities (van der Peet-Schwering et al., 2003; Quesnel et al., 2008).  

Offering sows fibrous diets for one reproductive cycle has produced inconsistent 

responses in litter size due to variable supplementation periods, number of sows studied, 

and types of dietary fiber (Vestergaard and Danielsen, 1998; Johnston et al., 2003; 

Guillemet et al., 2007; Darroch et al., 2008; Reese et al., 2008).  Holt et al. (2006) 

observed a decreased number of pigs born per litter from sows fed a diet containing 40% 

soybean hulls (3% soluble fiber and 30% insoluble fiber) compared with a control diet.  

Consumption of soluble fiber slows glucose absorption in the small intestine due to 

delayed gastric emptying in human (Jenkins and Jenkins, 1985).  Compared to diets 

containing highly soluble fiber, insoluble fiber diets decrease transit time and increase 

gastric emptying in the small intestine (Vahouny and Cassidy, 1985), which hinders 

glucose absorption.  With a high blood glucose level, insulin is secreted to regulate blood 

glucose levels after consumption of soluble fiber (Jenkins and Jenkins, 1985).  Increasing 
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insulin secretion before estrus increased ovulation rate, which is closely associated with 

large litter size in gilts (Beltranena et al., 1991a,b).  So, one could surmise that feeding 

diets high in soluble fiber may be more likely to increase litter size compared with corn-

soybean meal diets or diets high in insoluble fiber.  Renteria-Flores et al. (2008b) 

evaluated the effects of soluble and insoluble dietary fiber on sow performance.  

Renteria-Flores et al. (2008b) did not observe any differences in ovulation rate or litter 

size when gilts were fed a diet containing 3% sobluble fiber from oat  bran (30%) 

compared with gilts fed a corn-soybean meal diet (1.2% soluble fiber, 10% insoluble 

fiber) or a diet containing 18% insoluble fiber from wheat straw (12%).  In the study of 

Renteria-Flores et al. (2008b), gilts were fed from d 2 after breeding to d 109 of gestation.  

Whether long-term feeding of sows diets containing different fibrous types would affect 

litter size awaits further investigations. 

High level of fiber in DDGS may have beneficial effects on reducing the 

occurrence of stereotypical behaviors of gestating sows.  Sows can develop stereotypical 

behaviors under the general practice of restricted-feeding during gestation (Johnston et al., 

2003).  High-fiber diets have been recommended to reduce these undesired behaviors of 

gestating sows (Spoolder et al., 2003).  Studies have demonstrated beneficial effects of 

feeding high-fiber diets to gestating sows on decreasing the incidence of stereotypical 

behaviors (Ramonet et al., 1999; Danielsen and Vestergaard, 2001; van der Peet-

Schwering et al., 2003; Guillemet et al., 2006).  Li et al. (unpublished) found that sows 

housed in stalls and fed 40% DDGS in gestation spent more time resting and less time 

performing stereotypical behaviors compared to sows fed corn-soybean meal control 

diets.  This recent finding suggests that fiber content in DDGS may stabilize glucose and 
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insulin levels in blood and increase the feeling of satiety in limited-fed gestating sows (de 

Leeuw et al., 2004, 2005). 

Negative Effects.  The high fiber content in DDGS limits the amount of DDGS 

that can be included in swine diets (Yoon et al., 2010).  Dietary fiber reduces the 

utilization of energy and other nutrients and increases excretion of unavailable nutrients 

in pigs (Just, 1982; Urriola and Stein, 2010; Kim et al., 2012).  Another reason for 

reduced nutrient digestibility caused by fiber is that fiber can increase the passage rate of 

digesta through the small intestine (Kass et al., 1980; Potkins et al., 1991; Kim et al., 

2007).  A large amount of carbohydrate is thereby fermented in the hindgut to produce 

VFAs including acetic acid, butyric acid, and propionic acid (Just, 1982).  Compared 

with glucose, VFAs have a lower metabolic efficiency in the small intestine; 

consequently, energy utilization is reduced due to the increased fermentative heat and gas 

production (Barnes et al. 2012).    

Dietary fiber also can increase fecal output (Jøgensen and Jensen, 1994; Massé et 

al., 2003).  Yan et al. (1995) fount that feeding sows a diet containing wheat straw 

excreted more fresh feces compared with feeding sows a diet containing sugar beet pulp.  

The concentration of total dietary fiber of wheat straw and sugar beet pulp is similar (72% 

vs. 65%), but wheat straw contains a greater concentration of insoluble fiber (71%) and 

sugar beet pulp contains a larger amount of soluble fiber (12%; Renteria-Flores et al., 

2008b).  The composition of fiber seems to play a very important role in the amount of 

fecal excretion.  Soluble fiber includes hemicellulose, pectin, β-glucans, gums, and 

mucilages, which can increase digesta viscosity and be fermentable in the large intestine 

(Davidson and McDonald, 1998).  Insoluble fiber includes cellulose, hemicellulose and 
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lignin, which can increase fecal bulkiness due to limited fermentation in the large 

intestine (Yan et al., 1995).  Distillers dried grains with solubles contains about 35% 

insoluble fiber and 6% soluble fiber (Stein and Shurson, 2009), indicating the increase in 

fecal bulkiness when feeding a DDGS-containing diet to pigs.  Xu et al. (2006b) found 

that feeding pigs a DDGS-containing diet increased the excretion of feces compared with 

feeding pigs a corn-soybean meal control diet.   

High concentration of fiber in DDGS may result in a reduction of feed preference 

in pigs.  Feed preference was decreased as fiber content from oats increased in swine 

diets (Solà-Oriol et al., 2009).  Seabolt et al. (2010) observed a linear reduction in feed 

preference as DDGS inclusion rate increased from 0 to 30%.  Kim et al. (2012) found that 

pigs preferred to consume a corn-soybean meal control diet rather than a DDGS-

containing diet if given a free choice.   

Furthermore, the high-fiber content in DDGS decreases carcass yield (Fu et al., 

2004; Linneen et al., 2008; Weimer et al., 2008).  Diets high in fiber content improved 

intestinal cell growth and proliferation (Jin et al., 1994; Gill et al., 2000) and increased 

the volume of intestinal fluid and digesta (Kass et al., 1980; Pluske et al., 2003).  Heavier 

intestines and other visceral organs (Kass et al., 1980; Stanogias and Pearce, 1985; Pond 

et al., 1989) require more maintenance energy, which resulted in more nutrients being 

diverted away from the production of carcass lean and adipose tissue (Johnson et al., 

1990; Mahr-un-nisa and Feroz, 1999).   

In summary, long-term feeding of DDGS with high fiber content to sows may 

have beneficial effects on increasing litter size and reducing stereotypical behaviors.  

However, diets containing a high level of fiber from DDGS results in decreased nutrient 
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utilization and increased fecal excretion, reduced feed preference, and compromised 

carcass yield.   

Fat  
Positive Effects.  Although fat is not usually fed to pregnant sows, gestation diets 

containing supplemental fat appear to have beneficial effects on survival rate of newborns 

and postnatal growth of piglets (Pettigrew, 1981; Rooke et al., 1999; Rooke et al., 

2001a,b; Farmer et al., 2010).  For lactating sows, beneficial effects of supplemental fat 

have been demonstrated in several studies (Shurson and Irvin, 1992; Averette et al., 

1999), especially when sows are subjected to heat stress (Coffey et al., 1987; Neil et al., 

1996; Spencer et al., 2003).  These beneficial effects are mainly because of the high 

energy density and low heat increment associated with digestion and metabolism of 

dietary fat (O’Grady et al., 1985; Schoenherr et al., 1989).  Rosero et al. (2012) 

determined the effect of dietary fat at 2, 4, or 6% to lactating sows during high ambient 

temperature on sow performance.  Results indicated that farrowing rate, litter size, and 

litter weight gain were improved by inclusion of fat in diets fed to lactating sows (Rosero 

et al., 2012).   

Negative Effects.  Poor quality fat, which is primarily from restaurants is used in 

swine diets.  Feeding pigs thermally oxidized oil causes swine nutritionists to consider 

the effects of peroxidized dietary lipid on swine production and health.  Oil in DDGS 

may be oxidized during the high temperature drying and may elicit negative effects when 

pigs receive diets with high concentration of DDGS.  The corn oil found in DDGS 

contains 85% unsaturated fatty acids (Table 2.4).  Linoleic acid  (about 6%) in DDGS is 

prone to peroxidation (Weber and Kerr, 2011).  Peroxidation of linoleic acid likely leads 

to production of malondialdehyde (MDA) and 4-hydroxynonenal (HNE; Han and 
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Csallany, 2008).  Elevated concentrations of MDA in vivo can lead to increased oxidative 

damage of intestinal cells in pigs (Lopez-Bote et al., 2001; Ringseis et al., 2007).  A high 

concentration of HNE may directly relate to the induction of oxidative stress (Esterbauer 

et al., 1991).  Heincinger et al. (2011) found that inclusion of DDGS up to 25% in poultry 

diets resulted in a lower concentration of glutathione and a greater activity of glutathione 

peroxidase (GSH-Px) in the liver.  Negative oxidative balance may direct nutrients away 

from growth (Weber and Kerr, 2011).  Several studies have indicated that dark-colored 

DDGS in the diet, generally caused by overheating during the drying process, negatively 

affected pig growth (Cromwell et al., 1993; Fastinger and Mahan, 2006; Harrel et al., 

2010).  However, reasons for the compromised growth found in these studies are not 

clear, but are possibly due to the peroxidized oil, reduced AA digestibility, or both.  

Because of the potential for high peroxidative damage, dietary antioxidants may play an 

important role in the prevention of metabolic oxidative stress.  Vitamin E (α-tocopherol) 

is the most effective endogenous, lipid-soluble antioxidant in vivo, which can protect cell 

membranes from peroxidative damage (Packer, 1991).  Incorporating a high level of 

vitamin E or synthetic antioxidants (butylated hydroxytoluene or butylated 

hydroxyanisole) in swine diets may prevent the possible negative effects of oxidized 

DDGS (Boler et al., 2009).  Therefore, more studies need to be conducted to focus on the 

effect of oxidized oil or lipid in diets containing DDGS on pig growth and health.   
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Table 2.4.  Concentrations of PUFA, monounsaturated, total unsaturated and saturated 
fatty acids in vegetable oils and animal fats1 

Source 

Fatty acids 

PUFA Monounsaturated Unsaturated2,3 Saturated3 

Vegetable oil, % 

Linseed oil 66 19 85 9 

Sunflower oil 66 20 86 10 

Corn oil 59 24 83 13 

Soybean oil 58 23 81 14 

Cottonseed oil 52 18 70 26 

Canola oil 33 55 88 7 

Palm oil 9 37 46 49 

Animal fat, % 
Poultry fat 21 45 66 30 
White grease  11 45 56 40 

Beef tallow 4 42 46 50 
1Data adapted from United States Department of Agriculture (2007). 
2The sum of PUFA and monounsaturated fatty acids. 
3The sum of total unsaturated fatty acids and saturated fatty acids is not 100% because 
each item has a small amount of other fatty substances that are neither saturated nor 
unsaturated. 

Sulfur 

Presence in DDGS.  Sulfuric acid is used commonly to sanitize equipment or 

adjust the pH of liquefied mash during the DDGS manufacturing process.  Thus, a high 

proportion of S in DDGS is believed to exist in the sulfate form (Stein and Shurson, 

2009).  Concentrations of S from various ethanol plants in the United States ranged from 

0.31 to 1.35% (DM basis) with an average variation of about 33% (Table 2.5).  The 

maximum tolerable concentration of dietary S for ruminants has been established at 0.4% 

(NRC, 1996).  However, little data exist to establish the tolerable concentration of S in 

swine diets.  Several studies have investigated the consumption of S through water, and 

indicate that S intake up to 7,000 mg of sulfate/L did not affect pig performance 

(Anderson and Stothers, 1978; Paterson et al., 1979; Veenhuizen et al., 1992; Anderson et 
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al., 1994).  Recently, Kerr et al. (2011) found that feeding nursery pigs with 0.23% S in 

the diet did not affect growth performance.  Kim et al. (2012) reported that dietary 

supplementation of S to corn-soybean meal-DDGS diets for weanling (0.32% S as-fed 

basis) or grower pigs (0.38% S as-fed basis) had no negative effects on pig performance.   

Table 2.5.  Concentrations (% DM) of S in distillers dried grains with solubles (DDGS) 
from various ethanol plants in the United States1 
Source No. of samples Minimum Maximum Mean CV, % 
Spiehs et al. (2002) 118 0.33 0.74 0.47 37.1 
Belyea et al. (2004) 235 0.34     0.83 0.58 25.1 
Lemenager et al. (2006) - 0.40 0.80 - - 
Kerr et al. (2008) 19 0.34 1.25 0.64 32.8 
Kerr et al. (2008) 19 0.38 1.35 0.69 33.3 
Shurson (2009) 46 0.31     1.20 0.69 37.7 
Kim et al. (2012) 35 0.33 1.04 0.65 29.2 
1Data adapted from Kim et al. (2012). 

Positive Effects.  Sulfur is the most abundant mineral in vivo after Ca and P and 

is also an essential element for the formation of many S-containing compounds.  In 

ruminants, sulfate-reducing bacteria can incorporate S into S-containing AA (Brosnan 

and Brosnan, 2006).  Kerr et al. (2011) reported that increasing dietary S from 0.29 to 

1.20% increased the prevalence of sulfate-reducing bacteria in the colon of pigs.  Kerr et 

al. (2011) did not study the concentration of sulfate-reducing bacteria in the small 

intestine, but one may speculate their presence in the small intestine.  Whether the 

incorporation of S into S-containing AA happens in pigs or not requires further 

investigation.  

 Methionine, Cys, homocysteine, and Tau are four common S-containing AA.  

Methionine is the essential precursor in the trans-sulfuration pathway, which produces 

glutathione (Figure 2.2).  The pathway of trans-methylation is inhibited and trans-

sulfuration is activated under oxidative challenge (Stipanuk, 2004).  Levels of 



 

 

22 
 

 

Methionine 

Homocysteine 

 

 Trans-methylation 

Trans-sulfuration 

Cysteine Taurine 

Sulfate 

Reduced 
Glutathione 

Oxidized 
Glutathione 

Glutathione 
Peroxidase 

Glutathione 
Reductase 

Oxidative 
stress 

Fat digestion 
Neurotransmitter 

Antioxidant 
Sulfated 

derivative in urine Oxidative balance 

compounds with antioxidant activity, such as Tau or glutathione, are increased under 

oxidative stress (Stipanuk, 2004).  Thus, high S content in DDGS-containing diets may 

increase concentrations of S-containing AA and maintain a balance between the 

antioxidant defense system and oxidative stress in pigs. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Metabolic pathway of S-containing AA (Stipanuk, 2004) 

Negative Effects.  High concentration of S in diets increases S-containing 

odorants (Sutton et al., 1998; Whitney et al., 1999; Apgar et al., 2002).  Odorants, such as 

hydrogen sulfide (H2S), are generated by microbial metabolism of S compounds in 

intestinal secretions and diets (Butine and Leedle, 1989; Willis et al, 1996; Magee et al., 

2000).  Microbial activity in the intestinal tract is heavily influenced by dietary 
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composition (Jensen et al., 1995a).  Dietary DDGS with a high level of S included at 20 

to 30% increased H2S emission compared with feeding a corn-soybean meal control diet 

to grower-finisher pigs (Powers et al., 2007; Li et al., 2011).  In addition, increasing 

concentration of H2S in the intestine can induce inflammation of the gastrointestinal 

epithelium, leading to a poor gastrointestinal health (Zhang et al., 2007; Zhi et al., 2007; 

Attene-Ramos et al., 2010; Kerr et al., 2011).  This damaged gastro intestine can cause 

diarrhea, poor nutrient digestibility, and slow growth in pigs (Liu et al., 2008). 

In summary, S is important for pig growth, but high S in DDGS can increase the 

level of intestinal H2S, which may enhance the generation of malodour from pork 

production and induce inflammation of the gastrointestinal epithelium.  Therefore, the 

tolerance level of S in pig diets needs to be more clearly established. 

Mycotoxins 

Presence in DDGS.  During crop development, several mycotoxins including 

aflatoxins, deoxynivalenol (DON), fumonisins, T-2 toxin, and zearalenone can 

potentially occur in pre-harvest corn and then be present at harvest (Whitlow and Hagler, 

2006; Zhang and Caupert, 2012).  The occurrence of specific mycotoxins is dependent 

upon either the unique environmental condition for mold growth during crop 

development or fungal growth during improper handling and storage of grains (CAST, 

2003).  No degradation of mycotoxins occurs during ethanol production, so the original 

mycotoxins remain largely intact and concentrated in the resulting co-products (Murthy 

et al., 2005; Bartkiene and Richard, 2010).  Mycotoxins also can be caused by improper 

storage of DDGS, leading to DDGS potentially contains a 3-fold increased concentration 
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of any mycotoxin that is present in the corn prior to fermentation (Bothast et al., 1982; 

Bennett and Richard, 1996; Schaafsma et al., 2009).   

Mycotoxins in DDGS, as an uncertain risk factor, often limit its use in the animal 

feed industry.  Consequently, many studies have investigated the presence of mycotoxins 

in various sources of DDGS (Garcia et al., 2008; Schaafsma et al., 2009; Bartkiene et al., 

2010).  Rodrigues (2008) found that 99% of 103 DDGS samples, 67% from the United 

States and 33% from Asia, contained at least one detectable mycotoxin.  Zhang et al. 

(2009) provided a comprehensive assessment of the occurrence of mycotoxins in 235 

DDGS samples collected from 20 ethanol plants in the Midwestern United States and 23 

export shipping containers from 2006 to 2008.  They found that about 10% of samples 

contained fumonisin higher than the FDA allowable level and a few samples contained T-

2 toxins or zearalenone that were above the detection limit.  Later, Zhang and Caupert 

(2012) conducted a survey for the prevalence and levels of mycotoxins in 67 DDGS 

samples collected from 8 ethanol plants in the Midwestern United States from 2009 to 

2011.  Zhang and Caupert (2012) mainly found that about 12% of DDGS samples 

contained DON and about 6% of samples contained fumonisin higher than FDA 

guidelines for feeding animals.   

Negative Effects.  The existence of mycotoxins in DDGS can cause huge 

economic losses for producers due to the reduction in pig growth and health (Wu and 

Munkvold, 2008; Rustemeyer et al., 2010).  In the Midwestern United States, the major 

mycotoxins of concern are zearalenone and DON.  Zearalenone has an estrogen-like 

effect and hence, negatively affects pig reproductive performance including prolonged 

estrus cycle intervals, pregnancy failure, improper fetal development, swollen and red 
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vulvas, and reduced weight gain, feed consumption, and feed efficiency (Young et al., 

1990; Yang et al., 2008; Jiang et al., 2010).  Deoxynivalenol is an inhibitor of protein 

synthesis and leads to adverse signs including feed refusals, nausea, vomiting, weight loss, 

and diarrhea (Bergsjø et al., 1993; van Heugten, 2001; Yu et al., 2008).  Studies have 

demonstrated a reduction in growth performance of pigs fed diets contaminated with an 

average level of 2.8 ppm DON (Dersjant et al., 2003; Swamy et al., 2003; Chaytor et al., 

2011).  Therefore, as DDGS makes up an increasing proportion in swine feeds, it is 

important to keep mycotoxins in DDGS below United States FDA guidelines levels 

(zearalenone, no established; DON, < 5 ppm).   

Effects of Dietary DDGS   

Effects of Feeding DDGS to Sows 

Early studies indicated that dietary supplementation of 40% DDGS to sows 

during gestation had no effect on sow and litter performance including farrowing rate, 

feed intake, sow BW gain, litter size, or litter weight gain (Thong et al., 1978).  In a later 

experiment, Wilson et al. (2003) fed sows diets containing 0 or 50% DDGS during 

gestation and offered them diets containing 0 or 20% DDGS during lactation in a 2 × 2 

factorial arrangement.  Sows were maintained on their respective dietary treatments for 2 

consecutive reproductive cycles.  Litter size was improved in the second reproductive 

cycle by DDGS addition but not in the first cycle (Wilson et al., 2003).  In this study, 

sows fed diets containing 50% DDGS in gestation and 20% DDGS in lactation had a 

shorter wean-to-estrus interval but greater piglet pre-weaning mortality during the first 

reproductive cycle than those fed corn-soybean meal control diets, but the differences 

were eliminated when sows were offered their respective diets for another reproductive 
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cycle.  Sows also had lower feed intake during the initial 7 d of the lactation period when 

they were offered DDGS in lactation without receiving DDGS in gestation for the first 

reproductive cycle, but not for the second one.  Crowder and Johnston (2011) offered 

sows 30% DDGS in gestation and 15% DDGS in lactation for one reproductive cycle and 

did not find any difference in sow performance.  Both studies (Wilson et al., 2003; 

Crowder and Johnston, 2011) confirmed that sow performance was not affected when 

sows were fed diets containing DDGS at 30 to 50% during gestation.  Results from the 

study of Wilson et al. (2003) suggested that DDGS could be included in lactating diets at 

20%, but sows should be acclimated to DDGS during gestation.   

More experiments were recently conducted to evaluate the effects of feeding 

various levels of DDGS to sows only in lactation.  Greiner et al. (2008) fed lactating sows 

diets containing 0, 10, 20, or 30% DDGS and found sows fed DDGS had similar feed 

intake, change in backfat depth, litter weight gain, and piglet pre-weaning mortality 

compared to those fed the control diet.  However, sow BW gain during lactation was 

increased linearly and the wean-to-estrus interval was reduced linearly by the inclusion of 

DDGS in the lactating diet.  Hill et al. (2008b) compared sows fed diets containing 15% 

DDGS in lactation and found there were no differences in sow and litter performance 

(litter weight gain and piglet pre-weaning mortality) between dietary treatments.  Song et 

al. (2010) reported that feeding diets containing 0, 10, 20, or 30% DDGS to lactating 

sows had no effect on feed intake, change in backfat depth, litter weight gain, piglet pre-

weaning mortality, or wean-to-estrus interval among dietary treatments.  Song et al. 

(2010) also found that dietary supplementation of 20 or 30% DDGS to lactating sows did 

not affect milk composition, N digestibility, or N retention compared with sows fed a 
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corn-soybean meal control diet.  Findings from these studies (Hill et al., 2008b; Greiner 

et al., 2008; Song et al., 2010) indicate that lactating sows can be fed diets containing up 

to 30% DDGS without affecting sow and litter performance. 

Wilson’s work, which was the only study to investigate the effects of feeding 

DDGS-containing diets to sows for more than one reproductive cycle suggests an 

important benefit of feeding DDGS on improving litter size may exist.  However, the 

sample size used by Wilson et al. (2003) was too small to draw a confident conclusion.  

More comprehensive and longer-term studies need to be conducted to confirm this initial 

finding.   

Effects of Feeding DDGS to Offspring 

Effects of Feeding DDGS to Nursery Pigs on Growth Performance 

Growth performance of nursery pigs fed DDGS-based diets from 14 experiments 

is summarized in Table 2.6.  Most studies have demonstrated that there is no difference in 

ADG when up to 30% DDGS is fed to pigs after weaning (Whitney and Shurson, 2004; 

Gaines et al., 2006; Linneen et al., 2006; Spencer et al., 2007; Barbosa et al., 2008; Jones 

et al., 2010).  Only a few studies have shown that weanling pigs offered DDGS higher 

than 10% would experience compromised growth rates (Seabolt et al., 2010; Kim et al., 

2012; Tran et al., 2012).  Average daily feed intake of pigs fed diets containing DDGS in 

the nursery period was not affected (Linneen et al., 2006; Spencer et al., 2007; Jones et 

al., 2010; Kim et al., 2012; Tran et al., 2012) or reduced (Seabolt et al., 2010).  Pigs that 

received diets containing DDGS had improved gain efficiency in three studies (Gaines et 

al., 2006; Spencer et al., 2007; Barbosa et al., 2008), a reduction in G:F observed in one 

study (Kim et al., 2012) and no difference in G:F was reported in numerous other studies 



 

 

28 
 

 

(Whitney and Shurson, 2004; Gaines et al., 2006; Linneen et al., 2006; Jones et al., 2010; 

Seabolt et al., 2010; Tran et al., 2012).   

The impact of incorporating DDGS into nursery diets at different dietary phases 

has also been evaluated.  Spencer et al. (2007) found that there was no effect on growth 

performance of pigs (initial BW at 6 kg) fed diets containing either 7.5 or 15 % DDGS in 

phase I and 15% in other phases of a 4-phase nursery program.  Tran et al. (2012), 

however, found reductions of ADG and ADFI, but similar G:F in pigs fed 30% DDGS in 

phase II and III compared with pigs offered the corn-soybean meal control diet using a 3-

phase feeding program.  Other than corn DDGS, studies have been conducted to evaluate 

the responses of pig performance when sorghum DDGS was included in post-weaning 

diets (Senne et al., 1995; Senne et al., 1996; Feoli et al., 2008b; Jones et al., 2010).  

Senne et al. (1995) found no differences in ADG, ADFI, and G:F when pigs were offered 

diets containing 0, 10, or 20% sorghum DDGS from d 7 to 29 post-weaning.  

Contradictory effects were observed on growth performance of nursery pigs fed diets 

containing sorghum DDGS up to 30%.  Other researchers (Senne et al., 1996; Jones et al., 

2010) have found there were no effects on growth performance when pigs received 

DDGS in diets up to 30%, whereas dietary DDGS at 45 or 60% decreased ADG and G:F 

of pigs.  Senne et al. (1996) indicated that feeding pigs diets containing 30% sorghum 

DDGS decreased ADG and G:F from d 7 to 29 post-weaning.   

In summary, DDGS either from corn or sorghum can be fed to nursery pigs up to 

30% without negatively affecting pig growth.  High levels of DDGS (> 30%) should be 

included in phase III or IV diets.  The reasons for the reduction of growth performance in 

a few studies when feeding pigs diets contain up to 30% are likely due to the over-
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estimation of SID AA content in DDGS and the introduction of DDGS at early post-

weaning period, when the intestinal tract of pigs is still not fully developed.  
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Table 2.6.  Summary of publications on growth performance of nursery pigs fed corn distillers dried grains with solubles (DDGS)  

 1“N”, “↓”, or “↑” indicated feeding corn DDGS-containing diets to pigs had no effect, reduced, or improved growth performance, 
respectively.  

Source 
No. of 
pigs 

Start 
BW, kg 

End 
BW, kg 

Levels of DDGS, %  Changes1 
0 5 7.5 10 15 20 22.5 25 30  ADG ADFI G:F 

Whitney and Shurson 
(2004), exp. 1 

96 7 25 √ √ 
 

√ √ √ 
 

√  
 

N N N 

Whitney and Shurson 
(2004), exp. 2 

96 5 20 √ √ 
 

√ √ √ 
 

√  
 

N 
↓ 

Linearly 
N 

Gaines et al. (2006), 
exp. 1 

345 13 24 √  
 

 √  
 

 √ 
 

N N N 

Gaines et al. (2006), 
exp. 2 

806 11 24 √  
 

 √  
 

 √ 
 

N 
↓ 

Linearly 
↑ 

Linearly 
Linneen et al. (2006) 482 10 19 √   √       N N N 
Spencer et al. (2007), 
exp. 1 

1,500 6 24 √  √  √  
 

  
 

N N 
↑ 

Linearly 
Spencer et al. (2007), 
exp. 2 

300 9 20 √  
 

   
 

 √ 
 

N N ↑ 

Barbosa et al. (2008), 
exp. 1 

1,593 11 22 √  √  √  √   
 

N N 
↑ 

Linearly 
Barbosa et al. (2008), 
exp. 2 

1,593 12 24 √  
 

 √  
 

  
 

N ↓ ↑ 

Jones et al. (2010), 
exp. 1 

180 9 20 √  
 

   
 

 √ 
 

N N N 

Jones et al. (2010), 
exp. 2 

350 11 21 √  
 

 √  
 

 √ 
 

N N N 

Seabolt et al. (2010) 192 7 17 √  
 

√  √ 
 

  
 ↓ 

Linearly 
↓ 

Linearly 
N 

Kim et al. (2012) 90 10 15 √    √      ↓ N ↓ 
Tran et al. (2012) 96 6 24 √ √       √  ↓ at 30% N N 
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Effects of Feeding DDGS to Growing-Finishing Pigs on Growth Performance 

In the early 1980s, effects of feeding pigs DDGS during the grower-finisher 

period were evaluated (Cromwell et al., 1983).  As the generation of DDGS transitioned 

from the beverage alcohol industry to the fuel alcohol industry, researchers shifted focus 

to effects of “new generation” DDGS on pig performance (Stein, 2007; Stein and 

Shurson, 2009).   

The most recent publications concerning effects of various dietary levels of 

DDGS on growth performance of growing-finishing pigs are summarized in Table 2.7.  

Most studies indicated that there were no differences in growth performance of pigs 

offered diets containing DDGS up to 20% (McEwen, 2006, 2008; Gaines et al., 2007a; 

Widmer et al., 2008; Dahlen et al., 2011; Barnes et al., 2012).  However, 2 studies 

reported a decrease in ADG when pigs received diets containing 20% DDGS (Linneen et 

al., 2008; Lee et al., 2011).  A depression of ADFI was observed in some studies (Gaines 

et al., 2007a; Rickard et al., 2012; Linneen et al., 2008; Lee et al., 2011), whereas an 

enhancement of ADFI was found in the study of Duttlinger et al. (2012) when pigs were 

fed diets containing 20% DDGS.  When feeding higher levels of DDGS (30%), pig 

performance was not affected in several studies (Cook et al., 2005; Augspurger et al., 

2008; Xu et al., 2010b).  Likewise, Xu et al. (2010a) and Gaines et al. (2007b) found 

ADG was not affected, but dietary DDGS improved (Xu et al., 2010a) or reduced G:F 

(Gaines et al., 2007b) when diets contained 30% DDGS.  Contrary to these studies, 

reductions in ADG (Fu et al., 2004; Whitney et al., 2006; Linneen et al., 2008), ADFI (Fu 

et al., 2004; Linneen et al., 2008; Xu et al., 2010a), and G:F (Whitney et al., 2006) have 

been observed when diets contained 30% DDGS.  Depressed ADG was observed in pigs 
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fed diets containing 45% DDGS, but no differences were observed in ADFI or G:F 

(White et al., 2009; Cromwell et al., 2011).   

In summary, dietary DDGS decreased ADG in 7 experiments, and had no effect 

on ADG in the remaining 18 experiments.  Feeding DDGS to pigs increased ADFI in one 

experiment, reduced ADFI in 8 experiments, and did not affect ADFI in 16 experiments. 

The G:F was improved in 3 experiments, reduced in 4 experiments, and was not affected 

by dietary DDGS in 18 experiments.   

Besides corn DDGS, sorghum or wheat DDGS were included in growing-

finishing diets to evaluate their effects on pig performance (Stein and Shurson, 2009).  

Sorghum DDGS can be added to grower-finisher diets at 30% or less without negatively 

affecting ADG (Senne et al., 1995, 1996), ADFI (Senne et al., 1996), and G:F (Feoli et 

al., 2007c, 2008a,c).  However, other studies demonstrated that dietary inclusion of more 

than 30% compromised ADG (Senne et al., 1996, 1998; Feoli et al., 2007b,c, 2008a,b,c), 

ADFI (Senne et al., 1996; Feoli et al., 2007c, 2008a), and G:F (Senne et al., 1998; Feoli 

et al., 2008b).  For wheat DDGS, Thacker (2006) included 0, 3, 6, 9, 12, or 15% DDGS 

in finishing diets and found no differences in growth performance of pigs from 52 to 113 

kg BW.  When dietary inclusion rate of wheat DDGS was increased, Thacker (2006) 

found a linear reduction in ADG and ADFI of pigs from 20 to 51 kg BW when fed 0, 5, 

10, 15, 20, or 25% wheat DDGS, whereas G:F was not affected.  Widyaratne and Zijlstra 

(2007) fed diets containing 25% wheat DDGS to pigs from 52 to 85 kg BW and reported 

no effects on either ADG or G:F.  Lysine digestibility in wheat DDGS-containing diets 

could be a key factor affecting pig performance (Nyachoti et al., 2005; Lan et al., 2008).  

Thacker (2006) formulated diets including wheat DDGS based on total AA, whereas 
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Widyaratne and Zijlstra (2007) generated diets containing wheat DDGS based on SID 

AA, which may explain the differences in ADG of pigs fed wheat DDGS in these studies. 

In a minority of studies, pigs performance was reduced when DDGS was included 

at levels of 20 to 30%.  The possible reasons for reductions in pig performance could be 

lower digestibility of nutrients, variable energy and nutrient concentrations, and (or) poor 

palatability of DDGS used in these studies.  The high fiber content in DDGS can reduce 

the utilization of energy and other nutrients in pigs (Urriola and Stein, 2010; Kim et al., 

2012).  Therefore, the elevated fiber content of DDGS-containing diets may be partially 

responsible for reduced diet digestibility and pig performance.  The lower digestibility 

may have caused an overestimation of dietary energy density and an overestimation of 

SID AA concentration of diets.  Variation in quantity and quality of nutrients among 

different DDGS sources is primary due to the use of corn, sorghum, and wheat or blends 

of grains to manufacture DDGS in North America (Spiehs et al., 2002).  The large 

variability in nutrient composition of DDGS sources increase the difficulty and reduce 

the accurary of diet formulation when incorporating DDGS in swine diets.  For instance, 

if an average value for SID of AA’s was used to estimate the level of digestible Lys in 

DDGS for diet formulation, but the actual Lys digestibility was much lower due to heat 

damage, pig performance would likely be much lower than expected.  Furthermore, 

palatability of DDGS-containing diets plays a crucial role in feed consumption.  Hastad et 

al. (2005) and Seabolt et al. (2008) demonstrated that pigs prefer to consume diets with 

no DDGS when given a choice.  Reductions in both ADFI and ADG in a few studies are 

likely because of the poor palatability of diets containing DDGS. 

Therefore, the ME and SID AA basis for diet formulation should be considered 



 

 

34 
 

 

carefully to effectively use alternative feed ingredients with low cost, such as wheat or 

corn DDGS.  Other factors, such as the quality and (or) palatability of DDGS should be 

taken into account when incorporating DDGS into swine diets.  
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Table 2.7.  Summary of publications on growth performance of growing-finishing pigs fed corn distillers dried grains with solubles 
(DDGS) 

 1“N”, “↓”, or “↑” indicated feeding corn DDGS-containing diets to pigs had no effect, reduced, or improved growth performance, 
respectively.  
245% inclusion level. 

Source 

No. 
of 

pigs 

Start 
BW, kg 

End 
BW, kg 

Levels of DDGS, %  Changes1 

0 5 10 15 20 30 40  ADG ADFI G:F 

Fu et al. (2004) 1,256 29 120 √  √  √ √   ↓ at 20 & 30% ↓ at 20 & 30% N 
Cook et al. (2005) 1,040 42 116 √  √  √ √   N N N 
McEwen et al. (2006) 96 70 110 √  √  √    N N N 
Whitney et al. (2006) 240 28 115 √  √  √ √   ↓ at 20 & 30% N ↓ at 30% 
Gaines et al. (2007a) 880 44 129 √    √    N N ↓  
Gaines et al. (2007b) 117 66 120 √     √   N N ↓  
Augspurger et al. (2008) 480 52 100 √   √  √   N N N 
Linneen et al. (2008), exp. 1 1,050 48 75 √   √     N N N 
Linneen et al. (2008), exp. 2 1,038 46 95 √  √  √ √   ↓ Linearly ↓ Linearly N 
Linneen et al. (2008), exp. 3 1,112 50 117 √ √ √ √ √    ↓ at 15 & 20% ↓ at 15 & 20% ↑ at 15 & 20% 
McEwen (2008), exp. 1  96 70 113 √  √  √    N N N 
McEwen (2008), exp. 2  84 70 110 √  √  √    N N N 
Widmer et al. (2008) 84 22 125 √  √  √    N N N 
White et al. (2009) 36 88 109 √    √  √  N N N 
Xu et al. (2010a) 512 22 115 √  √  √ √   N ↓ at 20 & 30% ↑ at 20 & 30% 
Xu et al. (2010b) 432 30 125 √   √  √   N N N 
Yoon et al. (2010), exp. 3 208 60 82 √  √      N N N 
Yoon et al. (2010), exp. 4 208 86 110 √   √     N N N 
Cromwell et al. (2011) 560 33 121 √   √  √ √2  ↓ at 30 & 45% N N 
Dahlen et al. (2011) 216 19 113 √    √    N N N 
Lee et al. (2011) 60 64 109 √  √  √    ↓ at 20% ↓ at 20% ↑ at 20% 
Barnes et al. (2012) 288 47 132 √    √    N N N 
Duttlinger et al. (2012) 1,160 31 124 √    √    N ↑ ↓ 
Rickard et al. (2012) 72 100 136 √    √    N ↓ N 
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Effects of Feeding DDGS to Growing-Finishing Pigs on Carcass Characteristics 

Effects of feeding DDGS-containing diets to pigs on carcass quality are 

summarized in Table 2.8.  Hot carcass weight and dressing percentage of pigs fed DDGS-

containing diets was either reduced in 50% of studies reviewed (Fu et al., 2004; Whitney 

et al., 2006; Hinson et al., 2007; Linneen et al., 2008; Leick et al., 2010; Rickard et al., 

2012) or not affected in the other 50% of studies (Gaines et al., 2007a; Widmer et al., 

2008; Xu et al., 2010b; Yoon et al., 2010; Lee et al., 2011; Duttlinger et al., 2012).  

Reasons for reductions in hot carcass weight and dressing percentage could be due to the 

high-fiber content in DDGS (Fu et al., 2004).  Feeding pigs diets containing high fiber 

content improved intestinal cell growth and proliferation (Jin et al., 1994), which 

indicated an increase in the volume of intestinal fluid and digesta (Pluske et al., 2003).  

Heavier intestines would result in reduced hot carcass weight and dressing percentage of 

pigs at harvest.  Heavier intestines and other visceral organs (Kass et al., 1980; Stanogias 

and Pearce, 1985) also require more maintenance energy.  This high maintenance energy 

results in more nutrients being diverted away from the accretion of carcass lean and 

adipose tissue (Johnson et al., 1990; Mahr-un-nisa and Feroz, 1999), which explains the 

reductions in backfat depth (Azain et al., 2009; Dahlen et al., 2011; Barnes et al. 2012), 

and loin depth (Whitney et al., 2006; Gaines et al., 2007a) at the 10th rib in a few studies 

when pigs were fed DDGS-containing diets.  However, most studies indicated that 

dietary DDGS fed to growing-finishing pigs had no effect on 10th rib backfat depth, 10th 

rib loin depth, and fat-free lean compared with corn-soybean meal control diets (Fu et al., 

2004; Cook et al., 2005; Widmer et al., 2008; Linneen et al., 2008; Leick et al., 2010; Xu 

et al., 2010a,b; Yoon et al., 2010; Lee et al., 2011; Duttlinger et al., 2012; Rickard et al., 
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2012).  Barnes et al. (2012) found dietary inclusions of 30% DDGS increased fat-free 

lean index, whereas Gaines et al. (2007a) and White et al. (2009) reported there was a 

reduction in fat-free lean index when pigs receiving 30 or 40% DDGS-based diets.   
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Table 2.8.  Summary of publications evaluating the effects of feeding corn distillers dried grains with solubles (DDGS) on carcass 
characteristics of finishing pigs 

 1“N”, “↓”, or “↑” indicated feeding corn DDGS-containing diets to pigs had no effect, reduced, or improved carcass quality, 
respectively. 
210th rib backfat depth (mm). 
310th rib loin depth (mm). 
4Data was not reported.

Source 

No. of 
pigs 

Final 
BW, 
kg 

Levels of DDGS, %  Changes1 

0 5 10 15 20 30 40 45 60 
 

HCW Dressing % Backfat2 Loin3 
Fat-free 

lean 
Fu et al. (2004) 256 120 √  √  √ √     ↓ Linearly N N N N 
Cook et al. (2005) 1,040 116 √  √  √ √     NR4 ↓ Linearly N NR N 

Whitney et al. (2006) 240 115 √  √  √ √    
 ↓ at 20 & 

30% 
↓ Linearly N 

↓ 
Linearly 

N 

Gaines et al. (2007a) 880 129 √     √     N N N ↓ ↓ 
Hinson et al. (2007) 882 127 √  √  √      ↓ Linearly NR NR NR NR 
Widmer et al. (2008) 84 125 √  √  √      N N N N NR 

Linneen et al. (2008) 1,112 117 √ √ √ √ √ √    
 ↓ at 15 & 

20% 
↓ at 15 & 

20% 
N N N 

Azain et al. (2009) 560 121 √   √  √  √  
 

NR NR 
↓ at 30 & 

45% 
NS N 

White et al. (2009) 36 109 √    √  √   
 

NR NR N N 
↓ 

Linearly 

Leick et al. (2010) 240 132 √   √  √  √ √  ↓ Linearly ↓ at 60% N N N 

Xu et al. (2010a) 512 115 √  √  √ √     N ↓ at 30% N NR N 
Xu et al. (2010b) 432 125 √   √  √     N N N NR N 
Yoon et al. (2010) 208 110 √   √       NR N N N N 
Dahlen et al. (2011) 216 113 √    √      N ↓ ↓ N N 
Lee et al. (2011) 60 109 √  √  √      N N N NR NR 
Barnes et al. (2012) 288 132 √     √     N ↓ ↓ N ↑ 
Duttlinger et al. (2012) 1,160 124 √    √      N N N N N 
Rickard et al. (2012) 72 136 √    √      ↓ at 20% NR N N NR 
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Effects of Feeding DDGS to Growing-Finishing Pigs on Belly Fat Firmness 

Quality of carcass fat is important for meat processors who discriminate against 

soft bellies because they are difficult to process into bacon (Wood and Enser, 1997).  

Carcass fat iodine value, which provides an overall estimation of fatty acid unsaturation, 

is an indirect indicator of belly firmness (Hugo and Roodt, 2007).  The maximum iodine 

value has not been universally accepted by the pork industry.  However, a range from 70 

to 74 g/100 g of fat has been recommended to be a maximum value (Boyd et al., 1997; 

National Pork Producers Council, 2000; Cromwell et al., 2011).   Carcass iodine value 

can be predicted by dietary linoleic acid content (Benz et al., 2011).  This is mainly 

because dietary fatty acids can be directly deposited in the adipose tissue through 

inhibiting de novo fatty acid synthesis (Farnworth and Kramer, 1987; Chilliard, 1993).  

Thus, the composition of carcass fat largely reflects the fatty acid profile of the diet 

consumed by pigs (Wiseman and Agunbiade, 1998; Averette Gatlin et al., 2002).   

Distillers dried grains with solubles contains a large amount of PUFA, particularly 

linoleic acid, which likely contributes to softer and less valued bellies (Madsen et al., 

1992).  Effects of dietary DDGS fed to growing-finishing pigs on belly firmness, iodine 

value, and PUFA level are summarized in Table 2.9.  Studies have shown a reduction in 

adjusted belly fat firmness, an increase in iodine value of belly fat, and an increased level 

of PUFA in belly fat in pigs fed diets containing DDGS compared with pigs fed diets 

without DDGS (Whitney et al., 2006; Benz et al., 2010; Leick et al., 2010; Xu et al., 

2010a,b; Dahlen et al., 2011; Duttlinger et al., 2012; Rickard et al., 2012).  Only one 

study reported that feeding pigs diets containing DDGS had no effect on iodine value of 

belly fat (Widmer et al., 2008) or belly firmness (White et al., 2009)  
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To improve carcass fat quality, alternative nutritional strategies were developed to 

minimize the negative effects of dietary DDGS on belly firmness.  Carcass fat quality of 

pigs fed DDGS can be manipulated by supplementing diets with fat sources high in 

saturated fatty acid composition (Madsen et al., 1992).  Adding CLA in DDGS 

containing-diets during the late finishing period reduces iodine values in carcass fat and 

improves fat hardness (Pettigrew and Esnaola, 2001; White et al., 2009; Evans et al., 

2010; Rickard et al., 2012) by inhibiting the activity of Δ9-desaturase enzyme in de novo 

fat synthesis (Gatlin et al., 2002).  Withdrawing DDGS from diets during the final 3 to 4 

wk prior to marketing reduces the negative impact of DDGS on carcass fat hardness (Hill 

et al., 2008a; Xu et al., 2010b). 

In summary, soft carcass fat produced from pigs fed DDGS-based diets is a 

challenge for both swine nutritionists and pork producers.  Nutritional strategies to 

improve carcass fat quality include increasing concentrations of saturated fatty acids in 

diets, supplementation with CLA, or withdrawal of DDGS from diets in the late finishing 

period. 
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Table 2.9.  Summary of publications evaluating the effects of feeding corn distillers dried grains with solubles (DDGS) on belly fat 
characteristics of finishing pigs 

1“N”, “↓”, or “↑” indicated feeding corn DDGS-containing diets to pigs had no effect, reduced, or improved belly fat quality, 
respectively. 
2Data was not reported. 
 
  

Source 
No. of 
pigs 

Final 
BW, kg 

Levels of DDGS, %  Changes1 
0 5 10 15 20 30 40 45 60  Firmness Iodine value PUFA 

Whitney et al. 
(2006c) 

240 115 √  √  √ √    
 

↓ Linearly ↑ Linearly NR2 

Widmer et al. 
(2008) 

84 125 √  √  √     
 

↓ Linearly N NR 

White et al. 
(2009) 

36 115 √    √  √   
 

N ↑ at 40% NR 

Benz et al.  
(2010) 

1,112 117 √ √ √ √ √     
 

NR ↑ Linearly ↑ Linearly 

Leick et al. 
(2010) 

240 132 √   √  √  √ √ 
 

↓ at 30 to 60% ↑ at 45 to 60% ↑ at 30 to 60% 

Xu et al.  
(2010a) 

512 115 √  √  √ √    
 

↓ at 30% ↑ Linearly ↑ Linearly 

Xu et al.  
(2010b) 

432 125 √   √  √    
 

↓ at 30% ↑ Linearly ↑ Linearly 

Dahlen et al. 
(2011) 

216 113 √    √     
 

↓ ↑ ↑ 

Duttlinger et al. 
(2012) 

1,160 124 √    √     
 

NR ↑ ↑ 

Rickard et al. 
(2012) 

72 136 √    √     
 

↓ ↑ ↑ 
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Factors Affecting Sow Reproductive Performance 

Correlation between Litter Size and Within-litter Variation 

An increasing emphasis has been put on improving the number of piglets born 

because litter size has been closely associated with economic profitability (Rehfeldt et al., 

2008).  Genetic selection has successfully improved litter size in commercial sows over 

the past 10 years (Merks, 2000).  However, this genetic progress for larger litters has 

elicited a substantial increase in variation of piglet birth weight (Johnson et al., 1999).  

Many researchers have reported a reduction in average birth weight and a negative 

correlation between litter size and within-litter variation in piglet birth weight (Lund et al., 

2002; Foxcroft, 2008; Quesnel et al., 2008).  Quiniou et al. (2002) compared small litters 

(≤ 11 piglets) with large litters (≥ 16 piglets) and found average piglet birth weight was 

decreased from 1.59 to 1.26 kg and within-litter variation was increased from 0.20 to 0.26 

kg. 

Low Birth Weight Pigs 

Consequences of Low Birth Weight Pigs 

Piglets of low birth weight (normally less than 1.0 kg), also known as runts, are 

those that cannot reach their potential (Wallace et al., 2002).  Low birth weight piglets 

have a low opportunity for survival and slow post-weaning growth compared to their 

littermates (Milligan et al., 2002; Beaulieu et al., 2010).  Economic losses have occurred 

due to high pre-weaning mortality of piglets born with low birth weight (Holm et al., 

2004; Wolf et al., 2008).  In litters with large variation in birth weight, smaller piglets are 

not as competitive as larger littermates, so they suckle less colostrum after birth, which 

causes reduced energy storage, lower immunity, and poorer nutrition (Quiniou et al., 
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2002).  Consequently, piglets with low birth weight are more susceptible to hypothermia 

and have difficulty regulating body temperature after birth (Herpin et al., 2002; Wolf et 

al., 2008).  In addition, low birth weight piglets grow slower in nursery and (or) grower-

finisher periods, which leads to increased variation of pigs at weaning and slaughter 

(Roberts and Deen, 1995; Gondret et al., 2005; Bérard et al., 2010).  Furthermore, pigs 

born with low birth weight exhibit lower carcass weight, a higher proportion of carcass 

fat, and a lower percentage of carcass lean accretion than those born with average to 

heavy birth weights (Gondret et al., 2006).  Recent studies on meat quality of runt pigs 

demonstrated that meat tenderness was lower and drip loss was higher compared to pigs 

with average or heavy birth weights (Matthews et al., 2009; Bérard et al., 2010).  Profits 

are thereby reduced because of the low survival chance, slow post-weaning growth, 

increased carcass fatness, and poor meat quality of runt pigs (Rehfeldt et al., 2008).  

Therefore, to optimally balance litter size and uniformity of piglets’ birth weight using an 

effective and practical strategy, one needs to understand the underlying causes of within-

litter birth weight variation. 

Causes of Low Birth Weight Pigs 

Causes of large within-litter variation are likely due to increasing number of low 

birth weight pigs (Lösel et al., 2009).  Intrauterine growth retardation (IUGR) during 

pregnancy seems to be one of the major causes of runt pigs at birth (Foxcroft et al., 2006).  

The limited number of muscle fibers in low birth weight pigs may be caused by crowded 

uterine space, which compromises fetal growth and development (Foxcroft et al., 2006).  

Wigmore and Stickland (1983) have demonstrated that the reduced total number of fetal 

muscle fibers determined the low birth weight and subsequently, compromised postnatal 
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performance of piglets.  Hyperplasia of muscle fibers including primary and secondary 

fibers is completed by d 90 of gestation (Wigmore and Stickland, 1983).  Secondary 

muscle fibers, develop on the surface of primary fibers starting from d 30 to 34 of 

gestation, and are easily susceptible to a variety of factors including nutrition (Ward and 

Stickland, 1991).  Wu et al. (2004) illustrated that maternal nutrition may permanently 

program postnatal performance by affecting muscle fiber development of fetuses in utero.  

Maternal under-feeding during early gestation caused a decreased number of secondary 

fibers and growth retardation of fetuses, which resulted in runt pigs at birth (Dwyer and 

Stickland, 1994; Dwyer et al., 1995).  However, maternal over-feeding by increasing feed 

intake or energy level of sows at early- or mid-gestation seems to inconsistently stimulate 

muscle fiber differentiation, birth weight, and postnatal growth of piglets (Dwyer et al., 

1994; Nissen et al., 2003; Bee, 2004; McNamara et al., 2011).   

The placenta is an important organ linking maternal nutrient supply and fetal 

muscle fiber growth and development.  Wilson et al. (1999) suggested focusing research 

efforts on approaches to enhance placental size, function, and (or) efficiency to reduce 

incidence of IUGR piglets.  Wu et al. (2006) reported that the growth retardation of fetal 

muscle fibers is caused mainly by a limitation of nutrients supplied to fetuses because of 

the within-litter competition for placentae.  Loss of conceptuses usually occurs from d 30 

to 40 of pregnancy due to crowded intrauterine conditions (Pope, 1994), and this loss is 

beneficial for the growth of adjacent placentae and fetuses (Vallet et al., 2011).  

Ashworth et al. (2001) found that within-litter variation can be established as early as the 

end of the first month of pregnancy in pigs and the number of IUGR fetuses does not 

increase from the first 30 d of gestation to parturition.  Findings from previous studies 
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further illustrated the importance of placental development on fetal growth.  Wilson et al. 

(1999) and Vallet and Freking (2007) indicated that the efficiency of transporting oxygen, 

glucose, AA, and other nutrients from dam to fetuses is a critical factor in determining 

fetal growth and development, which ultimately affects piglet birth weight and postnatal 

performance.  Therefore, placental efficiency is central to successful fetal development 

and reducing incidence of low birth weight piglets (Wu et al., 2006). 

Surface area of nutrient absorption is the most important component in 

determining placental efficiency (Wilson and Ford, 2001).  Placental surface area for 

nutrient exchange increases exponentially from about 250 cm2 at 35 d of gestation to 

about 1,000 cm2 at 70 d of gestation.  A secondary increase in placental surface to 1,500 

cm2 occurs from d 90 to 110 of gestation (Knight et al., 1977; Biensen et al., 1998).  

Efficiency of nutrient transport from dam to fetuses also can be determined by the ratio of 

fetal weight to placental mass, the number of transporters present to facilitate nutrient 

transport across the placenta, dimensional structure of the placental membrane, and 

vascular density at the utero-placenta interface (Biensen et al., 1998).  Placental blood 

flow rate depends on placental vascularization and vasodilation, which are important in 

providing all the metabolic demands for fetuses (Reynolds et al., 1992; Ford, 1995; 

Reynolds and Redmer, 2001).  In an early study, Wootton et al. (1977) suggested IUGR 

pigs have a smaller placenta and lower rate of placental blood flow than larger littermates.  

Reynolds et al. (1985) and Pere and Etienne (2000) found the placental blood flow per 

fetus decreased as litter size increased.  Karowicz-Bilinska et al. (2007) indicated that 80% 

of IUGR cases could be ascribed to underdeveloped utero-placental circulation and 

vascular function.  Wu et al. (2006) also suggested IUGR primarily resulted from 
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impaired placental vascular growth and reduced utero-placental blood flow.  Therefore, 

increased utero-placental blood flow and normalized vascular function are important to 

provide more nutrients to fetuses for their full growth and development, thus alleviating 

the circumstance of IUGR (Wu et al., 2006).   

The research group at Texas A&M University has focused on the role of dietary 

Arg and its catabolic products, nitric oxide (NO), and polyamines, to improve placental 

growth and function (Wu et al., 2009; Li et al., 2010).  These researchers found that high 

levels of dietary Arg fed to gilts from d 30 to 114 of pregnancy improved litter size, 

decreased within-litter variation in piglet birth weight, and decreased the proportion of 

runt pigs compared to feeding a standard corn-soybean meal based diet (Wu et al., 2009).  

Nitric oxide is a major endothelium-derived vasodilator factor, which is primarily 

produced from Arg via inducible nitric oxide synthase (NOS).  Nitric oxide is involved in 

regulation of utero-placental blood flow, and thus increases the transfer of nutrients and 

oxygen through the placenta (Ignarro et al., 1987; Bird et al., 2003; Wu et al., 2006).  

Diets containing a high level of Arg would increase NO production endogenously and 

mitigate the situation of IUGR (Wu, et al., 2004).  However, inconsistent results have 

been observed on litter size and within-litter variation of piglet birth weight when feeding 

Arg to gestating sows (Ramaekers et al., 2006; Mateo et al., 2007; Li et al., 2010).  Other 

dietary interventions, need to be explored to prevent IUGR through programming fetal 

development. 

The partitioning and utilization of nutrients for fetal growth are under the 

regulation of hormones and growth factors, such as growth hormone (GH), insulin-like 

growth factors (IGFs), and insulin (Robinson et al., 1999).  Rehfeldt et al. (2001) 



 

 

47 
 

 

suggested that maternal GH exhibits a significant role in programming placental growth 

and fetal myogenesis.  The increased concentrations of circulating GH and IGFs can 

mediate nutrient partitioning among dam, placentae, and fetuses (Dwyer et al., 1994; 

Rehfeldt and Kuhn, 2006).  Exogenous administration of porcine GH to sows during 

early-to-mid pregnancy mediated maternal metabolic and endocrine status (Gatford et al., 

2000; Schneider et al., 2002; Sterle et al., 2003).  Administering GH to pregnant sows 

stimulated placental growth by increasing the contact area of the utero-placental interface 

(Sterle et al., 2003), enhanced nutrient availability to fetuses by increasing glucose 

contents in amniotic and allantoic fluids (Rehfeldt et al., 2001), decreased fetal plasma 

urea levels (Gatford et al., 2000), and increased fetal serum IGF-I concentration (Sterle et 

al., 1995).  Consequently, the growth of skeletal muscle fibers (Gatford et al., 2000), fetal 

weight (Sterle et al., 1995), and birth weight of piglets (Rehfeldt et al., 2001; Gatford et 

al., 2004) were increased by maternal treatment with porcine GH.  Unfortunately, the 

application of porcine GH in commercial pork production has not been approved in the 

United States (Johnston et al., 2008).   

In summary, pigs born with low birth weight are a burden to the pork production 

system because of their lower survival rate, slower growth rate, and fatter carcass.  An 

obvious approach to maximize profit is to implement some interventions that would 

improve the uniformity of piglet birth weights by increasing the weight of the lightest 

pigs at birth.  Intrauterine growth retardation has been recognized as the primary cause 

for low birth weight pigs, whereas placental efficiency affected by vascular density and 

blood flow becomes the key to fetal growth and development in utero.  The most 

practical approach to reducing IUGR pigs seems to be exploring the potential for 
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gestational diet manipulations to influence placental development, fetal growth, and 

ultimately postnatal performance of pigs. 

Understanding the Relationship of Dietary Oxidized Fat and IUGR 

Effects of Dietary Oxidized Fat on Oxidative and Antioxidant Status 

A pregnancy with IUGR of fetuses is a physiological condition representing high 

peroxidative stress and low antioxidant capacity compared with a normal, healthy 

pregnancy (Longini et al., 2005; Karowicz-Bilinska et al., 2007; Stein et al., 2008).  

Consumption of thermally oxidized oil can further aggravate this pregnancy-associated 

oxidative stress, which can cause a metabolic oxidative stress to fetal growth, low birth 

weight newborns with deficient antioxidants, and deleterious health problems of 

offspring (Kasai and Nishimura, 1984; Myatt and Cui, 2004).  Garrido-Polonio et al. 

(2004) found that feeding thermally oxidized oil to growing Wistar rats for 27 d 

decreased weight gain and increased liver MDA concentrations.  Brandsch and Eder 

(2004) fed thermally oxidized oil to pregnant rats for 14 wk and found that milk of 

females fed oxidized oil had lower concentration of triacylglycerol and newborn pups had 

higher levels of lipid peroxidation products in liver than offspring of females fed fresh oil.  

Brandsch and Eder (2004) also reported that individual pups from dams fed thermally 

oxidized oil had lighter birth weight, less pre-weaning weight gain, and more carcass fat 

than those from dams fed fresh oil.  Ringseis et al. (2007) demonstrated that feeding 

thermally-oxidized oil to rats during an entire pregnancy decreased triacylglycerol 

concentration in fetal livers.  The increase in lipid peroxidation in fetuses caused by 

feeding thermally-oxidized oil to their dams could be due to a decrease of antioxidant 

status of fetuses and dams (Rogers et al., 1999). 
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The magnitude of adverse changes in physiology caused by lipid peroxidation 

depends on a balance between the amount of lipid peroxidation products produced and 

the antioxidant defense systems.  Antioxidant defense systems include antioxidant 

enzymes such as superoxide dismutase (SOD), catalase, and GSH-Px and non-enzyme 

antioxidants such as ascorbic acid, α-tocopherol, and β-carotene (Hansen, 2010).  Among 

the entire antioxidant defense systems mentioned above, α-tocopherol is the most 

effective endogenous, lipid-soluble antioxidant in scavenging free radicals, stabilizing 

cell membranes, and protecting cell membranes from peroxidative damage (Packer, 

1991).  Seppanen and Csallany (2002) monitored the loss of endogenous α-tocopherol in 

thermally oxidized oil and found the level of α-tocopherol decreased as secondary lipid 

peroxidation products increased.  Dietary supplementation of thermally oxidized oil with 

high concentrations of secondary lipid peroxidation products reduced the antioxidant 

status of humans (Kumar et al., 2008) and rats (Izaki et al., 1984).  Kumar et al. (2008) 

determined the antioxidant status of newborns and found concentrations of α-tocopherol, 

SOD, and catalase were lower and the concentration of GSH-Px was higher in newborns 

with low birth weight in humans.  Izaki et al. (1984) fed 15% thermally oxidized oil to 

rats for 13 wk and found that liver weight, kidney weight, and liver MDA values were 

increased, and the content of α-tocopherol in both serum and liver were decreased.  

However, there are no data to show the effects of feeding thermally-oxidized oil to 

pregnant sows on the antioxidant status of offspring. 

Fetal Programming Effects of Dietary Fat with High Level of PUFA 

Fetal programming has been widely investigated in humans, but it is a relatively 

new concept in swine production (Wu et al., 2006).  Studies have demonstrated that 
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feeding oils containing a high level of PUFA to dams has fetal programming effects on 

offspring.  Boudry et al. (2009) found that dietary linseed oil (66% PUFA) profoundly 

modified the fatty acid composition, structure, and physiology of the offspring ileum.  

Farmer and Petit (2009) also reported that inclusion of linseed oil to diets for gestating 

and lactating sows modified fatty acid composition of offspring tissues such as ileum, 

carcass, and brain.  Rooke et al. (1998) found that dietary supplementation of soybean oil 

(58% PUFA) to gestating sows increased viability score of newborns.  Laws et al. (2009) 

interestingly found that maternal feeding of sunflower oil (66% PUFA) altered the 

distribution curve of piglets’ birth weights.  The incidence of low birth weight piglets 

from sows fed sunflower oil was higher than piglets from sows fed olive oil, which 

contained only 8% PUFA (Laws et al., 2009).  The reasons why feeding diets containing 

high PUFA to pregnant sows has effects on altering fatty acid composition in tissues and 

birth weight of newborns are not well documented.  These fetal programming effects 

probably occurred because PUFAs contain multiple double bonds in between methylene 

groups and both are easily oxidized in vivo.  Consumption of high concentration of PUFA 

during pregnancy might cause increased oxidative stress to fetuses, thus, adversely 

affecting fetal growth and development. 

Deleterious Effects of Secondary Lipid Peroxidation Products 

From a biochemistry view point, the peroxidation of PUFA includes initiation, 

propagation, and termination (Marnett, 1999).  After initiated by free radicals, primary 

lipid peroxidation products, such as peroxides and hydroperoxides, are produced (Marnett, 

1999).  Primary lipid peroxidation products are less toxic when given orally because they 

are poorly digested and absorbed by the intestinal tract (Bergen and Draper, 1970).  
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Secondary lipid peroxidation products produced during the propagation period under high 

temperature heating or continuous low temperature heating include polymers, ketones, 

acids, and aldehydes (Marnett, 1999).  These compounds are very toxic to animals 

because they are highly digestible and easily absorbed by the intestinal tract (Nishikawa 

et al., 1992; Totani et al., 2008).  Kanazawa et al. (1985) orally administered secondary 

lipid peroxidation products of linoleic acid to rats and found the highest accumulation of 

peroxidation products in hypertrophic livers of the rats.  This finding suggests that 

secondary lipid peroxidation products of linoleic acid could be absorbed into circulation 

and incorporated into liver tissue with deleterious effects.   

4-Hydroxy-2-trans-nonenal accounts for up to 95% of unsaturated aldehydes 

generated during peroxidation of ω6-PUFA (Benedetti et al., 1980).  In plasma of healthy 

humans, HNE ranges from 0.3 to 0.7 μM (Esterbauer et al., 1991).  Esterbauer et al. 

(1991) also reported that HNE can be detected in plasma up to 1.4 μM and in tissues up 

to 20 μM in healthy humans or pigs.  4-Hydroxy-2-trans-nonenal has a dual influence on 

the health of cells depending on its concentration in vivo (Esterbauer et al., 1991).  At 

lower intracellular concentrations of about 0.1 to 5 μM, HNE is beneficial to cells by 

promoting cell proliferation and mediating DNA synthesis (Zanardi et al., 2002).  

However, HNE is considered to be very toxic at greater intracellular concentrations of 

about 20 to 50 μM by catalyzing enzymes, destroying genomic DNA, and releasing 

cytochrome from mitochondria (Marnett, 2002; Zanardi et al., 2002).  Concentrations of 

HNE at 100 μM or higher will partially or fully inhibit basic catabolic and anabolic cell 

functions and even cause acute and unspecific cytotoxic effects leading to cell death 

(Zanardi et al., 2002).   Extremely high concentrations (> 100 μM) may arise from 
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consumption of foods with high lipid peroxidation and could cause in vivo oxidative 

stress to cells (Seppanen and Csallany, 2002).  A high concentration of HNE (25 µg/g 

soybean oil) was found in soybean oil under intermittent or continuous heating over 5 h 

at 185ºC, and the HNE concentration was increased as the exposure time to heating 

increased (Seppanen and Csallany, 2006).  A large amount of HNE was also found in the 

oil extracted from fried potatoes, which indicated that HNE is readily incorporated into 

foods fried in thermally-oxidized oil (Seppanen and Csallany, 2004).  Extensive 

consumption of such fried foods could cause a concern for human health (Seppanen and 

Csallany, 2004).  Unlike reactive free radicals, HNE can spread from its original site and 

attack distant targets (Esterbauer et al., 1991).  Therefore, the secondary lipid 

peroxidation products, especially HNE, in thermally-oxidized oil supplemented to animal 

feed could have nutritional implications because they could be absorbed by the intestinal 

tract, enter into blood, and exhibit peroxidized effects to specific organs such as liver, 

kidney, or placenta (Kubow, 1990).   

Connection between HNE and IUGR 

Feeding thermally oxidized oil with a great amount of secondary lipid 

peroxidation products, such as HNE, to sows may cause IUGR by adversely affecting the 

utero-placental blood flow and vascular development (Romero et al., 1997; Ruef et al., 

1998).  Hattori et al. (2001) found that HNE inhibited the activation of inducible NOS 

and production of NO in a dose-dependent manner.  Specifically, HNE at a concentration 

of 5 μM had no effect on NO production; however, HNE at a concentration of 50 μM 

inhibited NO production by 70 to 75% when HNE was added to cultured cells.  Ruef et al. 

(1998) found that HNE at lower concentrations (1.0 and 2.5 μM) stimulated the growth of 
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vascular smooth muscle cells in rats.  However, at concentrations of 25 and 50 μM, HNE 

caused apoptosis of rat vascular smooth muscle cells.  Romero et al. (1997) also found 

that HNE prevented the vascular effect of NO in human mesenteric arterial rings.  

Moreover, HNE could induce the proliferation of vascular smooth muscle cells at a lower 

concentration, but inhibit their growth at higher concentrations of HNE (Watanabe et al., 

2001).  Vascular smooth muscle cells are important components of blood vessel walls, 

which can change the volume of blood vessels and the rate of blood flow (Watanabe et al., 

2001).   

The take home message for the relationship between oxidized fat and low birth 

weight pigs is that high levels of PUFA in dietary fat, which are prone to oxidation in 

vivo, may elicit negative effects on fetal programming, such as IUGR.  These negative 

effects may be mediated by high levels of HNE or other secondary lipid peroxidation 

products in oxidized fat that can regulate endogenous concentration of NO and utero-

placental blood flow. 

The progress of genetic selection for large litter size contributes to the problem of 

low birth weight piglets (< 1.0 kg).  These piglets have a low chance of survival, slow 

pre-weaning growth, and increased carcass fatness, which reduce profitability for pig 

producers.  Intrauterine growth retardation of fetuses is the primary reason for low birth 

weight piglets.  Inefficiency of transferring nutrients through placentae is the key for 

IUGR, which largely depends on utero-placental blood flow.  Oils that contain a high 

level of PUFA are prone to peroxidation under high temperature heating.  Secondary lipid 

peroxidation products in oxidized oils, such as HNE, are toxic and absorbable by the 

intestinal tract.  High concentrations of HNE in vivo might decrease utero-placental blood 
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flow by inhibiting the production of NO and affect fetuses directly.  Thus, feeding 

pregnant animals thermally oxidized oils containing high level of secondary lipid 

peroxidation products could cause IUGR through adversely affecting utero-placental 

blood flow.  Whether secondary lipid peroxidation products in thermally oxidized oils, 

such as HNE, can cross the placenta and have an effect on fetuses independent of utero-

placental blood flow or not requires further investigations.  

Manure Management 

Economics and Crop Nutrient Value 

The high price of inorganic fertilizer causes grain producers to look for alternative 

soil amendments as sources for crop nutrients (Stewart et al., 2005).  Liquid swine 

manure or slurry becomes a reasonable soil amendment alternative due to its low cost, 

local availability, high organic matter content, and the ability to enhance soil 

characteristics (Sutton and Richert, 2004; Kerr, 1995).  However, over- or improper 

application of manure with excess nutrients can result in environmental damage such as 

leaching of nutrients to ground water, emissions of odors, and overloading soluble salts to 

land (Kornegay and Harper, 1997; Chen, 2001).  Therefore, it is important to balance 

manure nutrient application and crop nutrient demands to achieve an efficient, economic, 

and environmentally sustainable manure application to soils over the long term. 

Effects of Dietary DDGS on Manure Characteristics 

Diet composition can influence the amount and composition of manure (Massé et 

al., 2003; Hansen et al., 2007).  Dietary fiber can decrease nutrient digestibility and 

increase excretion of non-digestible nutrients in pigs (Just, 1982).  The primary reason for 

low nutrient digestibility is that fiber can increase the passage rate of digesta in the small 
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intestine (Kass et al., 1980; Kim et al., 2007).  Distillers dried grains with solubles 

contains on average 42.1% total dietary fiber (Stein and Shurson, 2009).  Xu et al. 

(2006b) found pigs fed DDGS-containing diets increased excretion of feces compared 

with pigs fed a corn-soybean meal control diet.  Similarly, feeding wheat DDGS at 

inclusion rates of 20 to 25% increased the amount of feces by 100% and slurry volume by 

50% (Jarret et al., 2011a,b). 

Because fiber increases the passage rate of digesta, a large amount of 

carbohydrates are fermented in the hindgut to produce short-chain fatty acids (SCFA) 

including acetic acid, butyric acid, and propionic acid (Just, 1982).  Short-chain fatty 

acids not only provide energy to the pig (Houdijk et al., 2002a,b; Awati et al., 2006), but 

also lead to a conversion of dietary N to bacterial proteins in the gut (Le et al., 2005; 

Awati et al., 2006).  Spiehs et al. (2000) evaluated the effects of 20% dietary DDGS on 

fecal N excretion and indicated that N excretion was increased presumably due to the 

higher CP content compared with feeding a corn-soybean meal control diet.  Jha and 

Leterme (2012) found that feeding pigs a DDGS-containing diet resulted in elevated fecal 

N excretion compared with a diet containing no DDGS.  Jarret et al. (2011a) reported that 

20% dietary wheat DDGS increased the excretion of fecal N by 100% compared with a 

control diet.  However, Gralapp et al. (2002) did not find any difference in the total N 

concentration of manure when dietary DDGS up to 20% was fed to finishing pigs.  

Results from most studies suggest that feeding pigs diets containing DDGS with a high 

level of fiber increases N excretion in the manure.  However, the elevated CP content of 

DDGS-containing diets is another factor that should be considered relative to N excretion 

(Jha et al., 2011).  Dahlen et al. (2011) found that DDGS-fed pigs with greater N intake 
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due to high CP content in DDGS excreted more fecal N compared with pigs receiving a 

corn-soybean meal control diet.   

Increased concentration of N in feces requires greater area of crop land to 

properly apply the manure produced (Sutton and Richert, 2004).  Other than N, P is a 

significant nutrient for crop growth and development (Sutton and Richert, 2004).  High 

concentration of P bound to phytate in corn-soybean meal diets increased P excretion in 

manure and increased concerns for environmental degradation due to potential over-

application of P to crop land (Koelsch and Lesoing, 1999).  Phosphorus in DDGS is more 

bioavailable due to the destruction of phytate during fermentation (Whitney and Shurson, 

2001).  Many studies have been conducted recently to investigate the effect of feeding 

DDGS to pigs on P excretion.  Hill et al. (2008b) found a reduction in fecal P 

concentration of lactating sows fed DDGS-containing diets compared with those fed a 

corn-soybean meal control diet.  Xu et al. (2006a,b,c) reported that 20% dietary DDGS 

fed to nursery pigs reduced P excretion in feces.  However, Gralapp et al. (2002) found 

no difference in the amount of P excreted in manure when feeding 20% DDGS to 

finishing pigs.  These results suggest that the excretion of P may depend on age of pigs, 

variable P digestibility of DDGS, and methods used to formulate diets (Xu et al., 2006b). 

In summary, feeding DDGS to pigs increases fecal output due to the high-fiber 

content in diets, indicating a potential reduction of manure storage time.  Nitrogen 

concentration in manure can be potentially increased because of high fiber and CP 

content.  Feeding DDGS may reduce P excretion due to the relatively high bioavailability 

of P in DDGS. 
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Gestation Housing System 

Comparison of Individual Stalls vs. Group Pens 

In the United States, there are primarily two housing systems for gestating sows, 

individual stalls and group pens.  At least 60% of sows are kept in individual stalls 

throughout gestation in the United States (Barnett et al., 2001).  However, recent 

demands by the marketplace have likely reduced the proportion of sows housed in 

individual stalls.  There are many reasons that individual stalls have been used 

extensively in the United States swine industry.  Some of the benefits commonly cited for 

using individual stalls include: maximizing the number of sows housed in a fixed 

building footprint, better regulation of individual sow feed intake, easier management for 

vaccinating, mating, and moving individual sows, and effective prevention of fighting 

during times of feeding, mixing, weaning, or estrus (Rhodes et al., 2005).  This practice 

of sow accommodation, however, is perceived by many people as compromising sow 

welfare due to the restricted space allowance, lack of exercise resulting in joint damage 

and leg weakness, reduced socialization with other sows, and increased potential for 

urinary tract infections due to vulva contact with manure (CAST, 2009).  These concerns 

caused by individual stalls have been highlighted by animal rights activists and the 

general public, who argue that individual stalls do not provide for adequate sow well-

being (CAST, 2009).  Currently, more than 25% of producers in the United States have 

committed to phase out individual stalls and this trend continues (CAST, 2009).   

Group pens provide more space for sows to move and exercise, more 

opportunities for social interactions among sows, and more choices for sows to select 

their own micro-environment (Spoolder et al., 2009).  The Farm Animal Welfare 
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Committee (1992) stated 5 freedoms for animal welfare assessment: 1) Freedom from 

thirst, hunger and malnutrition by ready access to fresh water and a diet to maintain full 

health and vigor;  2) Freedom from discomfort by providing a suitable environment, 

including shelter and a comfortable resting area;  3) Freedom from pain, injury, and 

disease by prevention or rapid diagnosis and treatment of illness;  4) Freedom to express 

normal behavior by providing sufficient space, proper facilities, and company of the 

animal’s own kind; and 5) Freedom from fear and distress by ensuring conditions that 

avoid mental suffering.  When compared with one another according to the 5 freedoms, 

well-managed stalls and group pens each have advantages and disadvantages in terms of 

productivity, profitability, and even sow well-being.  However, changes from stalls to 

pens to improve welfare of sows may not necessarily have the expected benefits.  Groups 

do not guarantee excellent sow well-being.  Group pens present several problems such as: 

injurious aggression and competition among sows at mixing and at feeding, increase in 

scratches and skin lesions, over-eating by dominant sows, and underfeeding by 

submissive sows (Gjein and Larssen, 1995).   

To overcome some of these welfare and management problems, group pens have 

been fitted with various equipment and feeding systems, such as electronic sow feeders 

(ESF; Edwards et al., 1988.  Use of ESF provides control of individual feed intake and 

prevents over- or under-feeding of sows (Edwards et al., 1988).  An extremely 

competitive environment can be created by ESF because only one sow is allowed to enter 

the feeding station at a time, which creates aggression, injury, and stress at the entrance 

of the feeder (Broom et al., 1995; Bates et al., 2003). 
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In summary, restriction in sow movement of the individual stall system has to be 

changed to become more acceptable to the general public.  Group housing systems with 

both individual and group interaction opportunities thereby become an alternative 

housing system for gestating sows to address public perceptions of animal welfare 

concerns.  Although large group pens provide enough room for sows to interact with each 

other, animal welfare concerns are not eliminated.   

Effects of Gestation Housing System  

Sow Longevity 

Longevity can be determined by the length of time a sow remains productive in 

the herd, which can affect both economic return to the producer and sow welfare 

(Serenius and Stalder, 2006).  There are various definitions for sow longevity, including 

herd life, the time from first farrowing to culling (Yazdi et al., 2000; Tarrés et al., 2006); 

lifetime prolificacy, the number of pigs produced during the productive lifetime (Serenius 

and Stalder, 2004, 2006); stayability, probability of a sow producing 40 pigs or reaching 

4 parities (Hoge and Bates, 2011); and lifespan, which represents the number of parities a 

sow has accumulated before culling (D'Allaire et al., 1992). 

Culling rate is a direct parameter to evaluate sow longevity (Lucia et al., 2000).  

Locomotive problems can be a major reason for culling in swine herds (Stalder et al., 

2004).  Lameness of sows is one of the most important locomotive problems causing 

economic loss to pig producers (Anil et al., 2009).  The financial losses associated with 

lameness result mainly from a reduction in average litter size, number of litters per sow 

per year, and number of pigs weaned per sow per year (Anil et al., 2009).  Lameness 

affects sow longevity both directly and indirectly.  Sows are removed from herds 
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immediately if severe lameness occurs, whereas sows are culled from herds because of 

reproductive failure if less severe lameness exists (Anil et al., 2009).  Studies suggest that 

lameness can be associated with reproductive failure, small liveborn litter size, reduced 

farrowing rate, low lactation feed intake, and ultimately reduced sow longevity (Penny, 

1980; Oldham, 1985).   

A few studies reported effects of gestation housing system on culling rate.  

Astudy conducted by Svendsen et al. (1975) reported that stall housing decreased sow 

culling rate compared with group housing.  Anil et al. (2005) also indicated that the 

proportion of sows culled from the herd was greater in group pens compared with 

individual stalls.  Injuries due to competition at feeding and aggression at mixing among 

group-housed sows may shorten their longevity compared with stall-housed sows (Anil et 

al., 2005).  Similarly, den Hartog et al. (1993) demonstrated sows in stalls had a lower 

replacement rate than those in group pens (43.0% vs. 55.6%).   

In summary, sow longevity is one of the most significant traits for measuring 

profitability of pig producers.  Many indicators are used to determine sow longevity, but 

culling is a common and important factor.   

Gestation Housing Effects on Reproductive Performance  

Sow Performance.  There are a few studies that examined the relationship 

between housing system and wean-to-estrus interval.  Hemsworth et al. (1982) and 

Backus et al. (1997) reported that the wean-to-estrus interval was shorter for sows housed 

in stalls compared with those kept in group pens (6.6 vs. 7.3 d).  Langendijk et al. (2000) 

found group housing delayed the time of estrus onset.  However, Bates et al. (2003) 

found that sows kept in an ESF-equipped group system were more likely to return to 
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estrus within 7 d compared with sows kept in stalls.  Many studies have compared the 

farrowing rates between sows housed in stalls and group pens (Schmidt et al., 1985; den 

Hartog, 1993).  Love et al. (1995) found an increase in farrowing rate when sows were 

kept in stalls during gestation compared with sows kept in group pens (82.5% vs. 69.0%).  

Peltoniemi et al. (1999) and Barbari (2000) also reported a greater farrowing rate in sows 

that were stall-housed compared with group-housed sows.  On the contrary, Schmidt et 

al. (1985) reported a 12% greater farrowing rate for sows kept in group pens than for 

those kept in stalls for the first 30 to 35 d post-mating.  Bates et al. (2003) indicated that 

sows housed in an ESF-group system had a 5% higher farrowing rate than those housed 

in stalls during gestation.   

Litter size seems to be less affected by effects of gestation sow housing system.  

The number of pigs born alive was not different between sows housed in stalls and group 

pens (den Hartog et al., 1993; Backus et al., 1997; Peltoniemi et al., 1999).  Bates et al. 

(2003) also suggested that sows kept in individual stalls farrowed similar number of 

liveborn pigs compared with those kept in ESF-group pens.  However, both den Hartog et 

al. (1993) and Barbari (2000) found that group-housed sows produced fewer liveborn 

pigs than stall-housed sows.  Corresponding to the number of liveborn pigs, birth weight 

is a very important indicator for reproductive performance of sows housed in different 

systems.  den Hartog et al. (1993) indicated that there was no difference in average birth 

weight of pigs from sows gestated in stalls or group pens.  However, Backus et al. (1997) 

demonstrated that stall-housed sows produced a greater average birth weight of piglets 

compared with ESF group-housed sows.  In the study of Bates et al. (2003), the number 

of mummies did not change but the number of stillborn pigs was increased in sows from 
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individual stalls compared with sows from group pens.  Cronin et al. (1996) did not 

observe any difference in the number of dead pigs at farrowing from sows housed in 

either groups or stalls, but the proportion of dead pigs at 8 d was enhanced in group-

housed sows compared with stall-housed sows.  This may be explained by group-housed 

sows’ difficulty in adapting to a confining farrowing stall, as indicated by their more 

restless behavior when placed in a farrowing stall (Boyle et al., 2000, 2002).  At weaning, 

Barbari (2000) reported that there was an increase in the number of pigs from stall-

housed sows compared with group-housed sows.  However, Bates et al. (2003) suggested 

that gestation housing system did not affect the number of pigs weaned.  Reasons for 

these inconsistent responses in litter size could be timing of mixing and breeding animals 

in group housing system.  If sows are managed in a dynamic group and are mixed at 

estrus or before embryos implant, injurious aggression among sows increases the 

likelihood of embryo loss and failure of conception.   In summary, sows kept in stalls 

during gestation had greater or equal reproductive performance compared to sows housed 

in group pens.   

Progeny Performance.  Changes of environment or stress of sows during 

pregnancy can affect progeny performance (Wu et al., 2006).  Backus et al. (1997) 

evaluated the effects of gestation housing system on piglet growth after birth and found 

ADG of pigs from birth to 28 d was greater when sows were housed in ESF-groups 

compared with those housed in stalls.  Estienne and Harper (2010) determined the 

subsequent growth and reproductive performance of female offspring born from gilts 

kept in different accommodations during gestation, which included: 1) individual stalls 

throughout gestation; 2) group pens throughout gestation; or 3) individual stalls for the 
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first 30 d post-mating and then group pens for the remainder of gestation.  They reported 

that a greater number of pigs born alive for females kept in individual stalls throughout 

gestation or the first 30 d post-mating compared with females housed in group pens 

throughout pregnancy.  Estienne and Harper (2010) also found that gestation 

accommodation type did not affect pig performance post-weaning during the nursery or 

growing-finishing period.  Survival rate of nursery pigs was reduced and G:F of growing-

finishing pigs was improved for pigs farrowed by sows housed in individual stalls either 

throughout gestation or the first 30 d of gestation compared with sows housed in group 

pens.  Estienne and Harper’s work in supported by the findings of Kuhlers et al. (1989) 

who demonstrated that the type of gestation housing system affected offspring 

performance, and the effects were manifested late in the postnatal period.   Foxcroft and 

Town (2004) and Foxcroft et al. (2006) demonstrated that environment can affect growth 

performance after birth by programming embryonic and fetal development and this pre-

programmed effect likely occurs in the late grower or finisher stages of production.  

O’Gorman et al. (2007) indicated that prenatal stress caused by restraint of gestating sows 

daily for 5 min during wk 12 to 16 of gestation resulted in gilt offspring with delayed age 

at the first estrus.  Estienne and Harper (2010) found that fewer gilt offspring from sows 

housed in individual stalls throughout gestation reached puberty by 165 d of age than 

offspring from sows housed in group pens.  The mechanism for how gestating sow 

housing system programs affects subsequent growth and reproduction of offspring is not 

clearly understood. 
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Gestation Housing Effects on Health 

Reports are available for the effects of gestation housing system on injuries, 

which are used as health related measurements (Rushen, 2003).  Anil et al. (2003, 2005) 

found that sows housed in group pens had higher injury scores at mixing than those 

housed in stalls.  However, as parity increases, the presence of injuries was increased in 

sows housed in individual stalls but decreased in sows housed in group pens (Anil et al., 

2003).  Vulva biting is a major problem with sows housed in group systems (Edwards 

and Riley, 1986; van Putten and van de Burgwal, 1990; Gjein and Larssen, 1995; Rizvi et 

al., 1998).  Gjein and Larssen (1995) suggested that the prevalence of vulva lesions was 

15.2% in group-housed sows compared with no vulva lesions in stall-housed sows.  Anil 

et al. (2005) indicated that these injuries primarily resulted from competition among sows 

to enter the ESF.  Olsson et al. (1992) also reported that vulva biting occurred more 

frequently in sows housed in ESF-group pens compared to sows housed in invidual stalls.  

System design and mechanical failure might result in the injuries within the ESF group 

system (Edwards and Riley, 1986). 

Body lesions can be caused by aggression at mixing in group-housed sows.  Gjein 

and Larssen (1995) suggested that sows kept in group pens had a higher prevalence of 

body lesions compared with sows kept in individual stalls (13.1% vs. 4.0%).  Claw 

lesions were also reported to be more common in group-housed sows than in stall-housed 

sows (Gjein and Larssen, 1995).  Floor type, such as partly slatted concrete floors mainly 

contributes to the high prevalence of claw lesions in group-housed sows (Gjein and 

Larssen, 1995).  Backus et al. (1997) found that sows kept in the ESF-group system 

without bedding had greater locomotive disorders than those kept in stalls.  However, 
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sows housed in groups with deep straw bedding had a lower prevalence of claw lesions 

than those housed in stalls. 

In comparison with group pens, decubital ulcers on sows’ shoulders were the 

primary lesion observed in individual stalls, but hind-limb lesions between stall-housed 

and group-housed sows were similar (Boyle et al., 2002).  However, as the length of time 

in farrowing stalls increased, fore-limb lesions became more severe among sows that 

previously gestated in stalls compared with those housed in group pens (Boyle et al., 

2002).  Anil et al. (2005) also indicated that stall-housed sows in late gestation had higher 

injury scores than group-housed sows when moved to farrowing stalls.  The injury scores 

of sows housed in individual stalls are positively correlated with sows’ BW, which 

explains the increased injuries scores of stall-housed sows at late gestation (Anil et al., 

2005).  In summary, sows housed in an ESF-group system had injury scores greater than 

sows in individual stalls.  The primary injuries in group housing systems include vulva 

biting and body lesions, whereas injuries in individual stalls include claw lesions and 

decubital ulcers on shoulders. 

Well-being Measurements of Gestation Housing System 

Physiology Measurements.  Pigs under stress exhibit several physiological 

changes in their nervous, endocrine, and immune systems (McGlone, 1993; Moberg, 

2000).  Alteration in hormones, including ACTH, opioids, catecholamine, or 

glucocorticoids, are observed in stressed pigs and lead to elevated heart rate and blood 

pressure, as well as depression of immunity (Dunn and Berridge, 1990).  Many 

researchers have focused on evaluation of physiological measures to compare the 

welfare of gestating sows housed in various systems. 
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Cortisol levels in vivo have been the most common physiological parameter used 

to measure animal welfare under acute but not chronic stress (Toscano et al., 2003).  

Cortisol concentrations in blood or urine were similar between sows in stalls or groups 

(von Borell et al., 1992; Broom et al., 1995; Tsuma et al., 1996; Pol et al., 2002).  Studies 

also have shown that sows housed in stalls had similar circulating cortisol concentrations 

during gestation compared with those in ESF groups (Barnett et al., 1982; von Borell et 

al., 1992; Jensen et al., 1995b, 1996).  Both Barnett et al. (1989) and Estienne et al. (2006) 

found that the serum concentrations of cortisol were greater in stall-housed sows than 

group-housed sows.  Anil et al. (2005), however, observed that saliva cortisol 

concentrations in sows kept in individual stalls were lower than those kept in group pens 

with ESF.  Reasons for these inconsistent results related to cortisol concentrations in 

sows housed in two different housing systems, individual stalls or group pens, are not 

clear.  Different sample collection methods might be a very important factor affecting 

cortisol concentrations of sows housed in gestation housing systems (Janssens et al., 

1995).  Cortisol concentrations, commonly analyzed in saliva or blood samples, are very 

sensitive to stress (Toscano et al., 2003).  Thus, improper sample collection methods 

would cause exogenous stress to sows and affect cortisol levels.  Other physiological 

indicators measuring sow well-being might include concentrations of blood glucose, 

urinary protein, and total protein of pigs with a stressful experience (Barnett et al., 1985, 

1989).  The release of endogenous opioids due to stress or central release of 

corticotrophin releasing factor has also been used as an indicator of sow welfare in 

different housing systems (Zanella et al., 1996).  No studies to date have shown that 

housing system affects immunity of gestating sows.  Sows kept in stalls had similar 
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antibody production and neutrophil to lymphocyte ratio compared with those kept in 

group pens (von Borell et al., 1992; McGlone et al., 1994; Broom et al., 1995).  

In summary, the availability of physiological data is limited for gestating sows 

housed in different accommodation types.  The majority of studies used cortisol 

concentrations in saliva or plasma as a primary physiological measurement for sow 

welfare in either stalls or pens.  Cortisol was not consistently affected by gestation 

housing system.  Thus, welfare assessments should be established based on a 

combination of factors, such as behavior, health, longevity, and reproductive performance. 

Behavioral Measurements.  There are two methods used to evaluate the effect of 

gestating sow housing system on behavior: detailed sequences of behavior analysis and 

quantified total time budget in a specific behavior.  Behaviors in these methods include 3 

areas: oral-nasal-facial (ONF), postural and locomotive, and social. 

Investigators have quantified the duration and frequency of ONF behaviors to 

estimate sows’ ability to adapt to different housing systems (Spoolder et al., 1997; 

Edwards, 1998).  Oral-nasal-facial behaviors consist of functional (feeding, drinking, and 

rooting) and non-functional behaviors (stereotypies; McGlone et al., 2004).  Stereotypies 

are repetitive movements and oral activities without obvious finality, which potentially 

indicate compromised sow welfare (Broom and Fraser, 2007).  Occurrence of 

stereotypical behaviors results from boredom (Fraser, 1975), restraint (Cronin, 1985), or 

hunger (Lawrence and Terlouw, 1993).  Vieuille-Thomas et al. (1995) compared 

stereotypic behaviors of sows in stalls and group pens and found that stalled sows had 

more occurrences in stereotypic behavior (89%) than grouped sows (66%).  In individual 

stalls, the most obvious restraint of behavior is the limitation of movement.  Therefore, 
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postural and locomotive behaviors are used to indicate the comfort of sows (CAST, 

2009).  Housing system during gestation can affect behavior of sows at farrowing (Boyle 

et al., 2000, 2002).  Boyle et al. (2000) found that group-kept gilts were more active than 

stall-kept gilts during the first hour in the farrowing stall; and stall-housed gilts had fewer 

postural changes than group-housed at d 8 of lactation.  Boyle et al. (2002) found stall-

housed sows spent more time on attempts to lie down and less time lying laterally 

compared with group-housed sows at the beginning of lactation.  On d 10 of lactation, 

group-housed sows displayed more postural changes compared with stall-housed sows 

(Boyle et al., 2002).  Results from Boyle et al. (2000, 2002) suggested that females 

housed in group pens during gestation may experience compromised sow welfare in 

farrowing stalls because sows find it difficult to adapt to farrowing stalls.  Restless 

behaviors of group-kept sows at the time of parturition and early lactation may lead to 

more stillborn piglets and greater pre-weaning mortality due to crushing of pigs (Weary 

et al., 1996). 

Social behaviors are clearly affected by gestation housing system (CAST, 2009).  

Although a few social behaviors such as snout contact and visual communications are 

possible across partitions, full body contact and dominance-submissive relationships 

between sows are not possible in individual stalls.  Arey and Edwards (1998) found that 

grouped sows were more aggressive at mixing and feeding time than stalled sows.  

Morris et al. (1993) compared sows in individual stalls and the Hurnik-Morris system, 

which allows socially coordinated eating and resting, physical exercise, and regular 

exposure to boars.  Morris et al. (1993) found gilts in the Hurnik-Morris system spent less 
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time performing stereotypical behaviors, but spent more time engaged in social activities 

than similar gilts kept in stalls.  

The take home message is that sows housed in individual stalls have similar 

reproductive performance to those housed in group pens.  There is a lower rate of injuries 

but more occurrences of stereotypical behaviors in gestation stall housing compared with 

group pen housing.  Therefore, it is important to balance cost, productivity, and welfare 

before implementing any housing system for gestating sows. 

Interactive Effect of DDGS and Gestation Housing System 

Feed intake of pregnant sows is usually restricted to one third of their voluntary 

feed intake to improve reproductive performance and longevity (Close and Cole, 2000).  

However, sow hunger is a very important contributor to the development of stereotypical 

behaviors, which suggest compromised sow well-being (Broom and Fraser, 2007).  

Providing ad libitum feeding for gestating sows might appear to be welfare friendly, but 

sows get too fat (Brouns et al, 1995; Kirkden and Pajor, 2006).  Charette et al. (1996) 

summarized the consequences of overweight sows, which include:  1) increasing feed 

cost due to high feed intake; 2) difficulty maintaining pregnancy and delivering pigs at 

farrowing; 3) easily stressed in summer heat which leads to pregnancy loss; and 4) 

elevated piglet pre-weaning mortality by crushing of pigs.  

To alleviate sow hunger and improve sow welfare, legislation in the European 

Union mandates pregnant sows receive a sufficient quantity of a bulky or high-fiber diet 

(EC, 2001a,b).  Dietary supplementation of additional roughage reduces aggressive 

interactions among sows (Bure, 1991).  Furthermore, feeding 50 to 60% of fibrous 

ingredients such as sugar beet pulp, wheat straw, and soybean hulls favorably affected the 
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well-being of restricted-fed gestating sows through decreasing the occurrence of 

stereotypical behaviors (Danielsen and Vestergaard, 2001; van der Peet-Schwering et al., 

2003; Stewart, 2008).  In the United States, diets with such a high inclusion rate of 

fibrous ingredients are not practical in commercial feed handling and delivery systems.  

Holt et al. (2006) included soybean hulls (40%) to sow diets that flowed through 

commercial feed delivery systems but failed to ameliorate stereotypic behaviors of 

gestating sows. 

Distillers dried grains with solubles, which has elevated high-fiber content has 

been used widely in swine production (Stein and Shurson, 2009).  Sows are ideal 

candidates for feeding DDGS based on the fact that sows have much more cellulolytic 

bacteria in their colon (Varel et al., 1987) and sows have greater ability to digest fibrous 

feedstuffs (Shi and Noblet, 1993) than growing pigs.  There are no studies reported in the 

literature studying effects of dietary DDGS on sow welfare and longevity.  As previously 

mentioned, many studies investigated the effects of gestation housing system on 

reproductive performance, longevity, and welfare, however, sows in each system were 

fed similar diets (Barnett et al., 2001; Anil et al., 2005).  An interaction may exist 

between DDGS-containing diets and housing system on sow performance, longevity, and 

welfare.  

Summary 

Nutrient composition of DDGS varies among ethanol production plants or batches 

within a plant.  Energy, Lys, P, fiber, fat, and S in DDGS are variable among sources and 

exhibit both positive and (or) negative effects on pig growth and health.  Sow 

performance was not affected when feeding DDGS at 30 to 50% during gestation and up 
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to 30% DDGS during lactation for one reproductive cycle.  Feeding DDGS to a smaller 

number of sows for 2 reproductive cycles improved litter size.  More comprehensive and 

longer-term studies need to be conducted to confirm this initial finding.  Larger litter size 

can cause the problem of low birth weight pigs (< 1.0 kg).  Pigs born with low birth 

weight exhibit a lower chance of survival, slower growth rate, and fatter carcass.  

Intrauterine growth retardation has been recognized as the primary cause for low birth 

weight pigs.  Secondary lipid peroxidation products in oxidized oils, such as HNE, might 

decrease utero-placental blood flow by inhibiting the production of NO and cause IUGR.  

Thus, feeding DDGS containing oxidized fat might increase the incidence of low birth 

weight pigs.  Feeding DDGS to pigs increases fecal output, indicating a potential 

reduction of manure storage time.  Nutrient concentrations in manure can be potentially 

affected by feeding DDGS to sows, which may affect the application of manure to crop 

land.  Restriction in sow movement in individual stalls has to be changed to become more 

acceptable to the general public.  Group housing with ESF systems thereby become an 

alternative housing system for gestating sows in individual stalls.  Gestation housing 

systems have similar reproductive performance and longevity when feeding the same 

diets to sows.  Feeding DDGS to sows housed in two different housing systems might 

affect sow performance, longevity, and behavior.   
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Chapter 3 

 
 

Interactive effects of distillers dried grains with solubles (DDGS) and housing 

system on sow performance and longevity over three reproductive cycles, and effects 

of dietary DDGS on manure output and composition  

Abstract 

An experiment was conducted to evaluate the interactive effects of dietary 

distillers dried grains with solubles (DDGS) in sow diets and housing systems on 

reproductive performance and longevity of sows, and effects of dietary DDGS on manure 

production and composition.  Four hundred and one (n = 311 for parity 0; n = 90 for 

parity 1) sows were assigned randomly to 1 of 4 treatments and maintained on these 

treatments for up to 3 reproductive cycles.  Sows were fed either a fortified corn-soybean 

meal control diet (CON; n = 203) during gestation and lactation, or diets containing 40% 

DDGS in gestation and 20% DDGS in lactation (n = 198), and were housed either in 

individual stalls (n = 200) or group pens (n = 201) with electronic sow feeders during 

gestation.  Sows were offered their assigned diets based on body condition during 

gestation and allowed ad libitum access to their assigned diets during lactation.  Litter 

size was not interactively affected by diet and housing.  Litters from DDGS-fed and 

group-housed sows gained less (P < 0.05) weight during lactation than litters from 

DDGS-fed and stall-housed sows.  This difference between gestation housing was not 

apparent for litters nursing CON-fed sows.  Sows fed DDGS produced smaller (P < 0.05) 

litter size (born alive, 11.0 vs. 11.6; weaning, 9.8 vs. 10.2) and had more (P < 0.05) 
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stillborn pigs per litter (0.9 vs. 0.7) than sows fed CON.  Litters nursing DDGS-fed sows 

gained less weight (P < 0.05) than litters nursing sows fed CON (47.8 vs. 49.8 kg).  

Group-housed sows tended to farrow smaller litters at birth (born alive, 11.0 vs. 11.5) and 

at weaning (P < 0.05; 9.9 vs. 10.2) compared with stall-housed sows.  Litters from group-

housed sows tended (P = 0.09) to gain less weight than those from stall-housed sows 

(48.3 vs. 49.4 kg).  Diet did not affect percentage of sows that completed each successive 

reproductive cycle.  Stall housing tended to increase (P = 0.06) the completion rate of 

sows at the second reproductive cycle (80.0% vs. 68.2%) and increased (P < 0.05) the 

completion rate of sows at the third reproductive cycle (68.9% vs. 55.8%) compared with 

group housing.  Feeding DDGS decreased (P < 0.03) the number of live born pigs (26.2 

vs. 27.4) and tended (P < 0.10) to decrease the number of pigs weaned (23.7 vs. 24.5) for 

sows over 3 reproductive cycles compared with feeding CON.  Sows housed in stalls 

farrowed more (P < 0.05) total piglets (30.1 vs. 26.7), more live piglets (28.4 vs. 25.2), 

and weaned more piglets (25.2 vs. 23.1) compared with sows housed in group pens over 

three reproductive cycles.  Sows fed DDGS had lower (P < 0.05) DM digestibility (76.8% 

vs. 82.9%) and excreted more (P < 0.05) fresh feces (755 vs. 561 g/d) than sows fed 

CON.  However, slurry (feces + urine) production was not different between sows fed 

DDGS and CON.  Feeding DDGS did not affect concentrations of N, P, and K in slurry 

as collected, but decreased (P < 0.05) N, P, and K concentrations in slurry on a DM basis 

compared with feeding CON.  In conclusion, long-term feeding of DDGS decreases litter 

size and sow productivity, but does not affect sow longevity, slurry output, and slurry 

composition.  Long-term housing of sows in group pens decreases litter size, sow 
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longevity, and sow productivity.  Housing sows in individual stalls compromises litter 

performance when feeding DDGS.  

Key words: DDGS, sow, performance, slurry, longevity  
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Introduction 

Use of dietary distillers dried grains with solubles (DDGS) in diets for growing 

swine has been the focus of much research effort in the last 5 to 7 years with little 

attention paid to DDGS use in diets for breeding females.  In fact, sows are ideal 

candidates for feeding DDGS because of its moderately high-fiber content.  Song et al. 

(2010) found that sow lactation performance was not different for sows fed 10, 20, or 30% 

DDGS compared to those fed a corn-soybean meal control diet.  This study clearly 

demonstrated that DDGS can be fed successfully to lactating sows.  However, long-term 

effects on subsequent performance of sows fed DDGS were not evaluated.  Wilson et al. 

(2003) reported that the number of piglets born alive per litter was increased marginally 

when sows received 50% DDGS in gestating diets for 2 reproductive cycles.  This work 

suggested that there may be important benefits of DDGS on reproductive performance 

when fed to sows.  However, a more comprehensive, longer-term study is needed to 

verify this initial finding.   

Feeding DDGS-containing diets to pigs may increase manure output and change 

manure composition.  Distillers dried grains with solubles contains about 42total dietary 

fiber and 27% CP (Stein and Shurson, 2009).  Feeding pigs diets containing high-fiber 

content can decrease nutrient digestibility and increase excretion of indigestible nutrients 

(Just, 1982).  Previous work found that DM digestibility of diets containing DDGS was 

lower, and the volume of excreted manure was greater than corn-soybean meal diets in 

grower-finisher pigs (Xu et al., 2006b).  The relatively high CP content in DDGS is a 

primary factor causing increased N excretion in manure (Dahlen et al., 2011; Jha and 

Leterme, 2012).  Other than N, P is important for crop growth, but it can also be an 
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environmental concern (Sutton and Richert, 2004).  Hill et al. (2008b) found that 

including DDGS in sow diets decreased P concentration in manure due to the high 

bioavailability of P in DDGS (Whitney and Shurson, 2001).  As the use of DDGS in sow 

diets increases, it is important to evaluate production and composition of manure 

generated by sows fed DDGS-containing diets to provide useful information for 

producers related to manure management systems.   

Housing systems (individual stalls and group pens) for pregnant sows have 

become a significant issue for pork producers throughout the United States (CAST, 2009).  

Individual stalls have been perceived by many people as compromising sow welfare due 

to the restricted space allowance, lack of exercise resulting in joint damage and leg 

weakness, reduced socialization with other pigs, and urinary tract infections due to 

contact of sow’s vulva with manure (Rhodes et al., 2005).  These concerns caused by 

individual stalls have been highlighted by animal rights activists and the general public 

who argue that individual stalls do not provide for adequate sow well-being (CAST, 

2009).  Anil et al. (2005) reported similar sow performance when sows were housed in 

individual stalls or group pens with electronic sow feeders during gestation.  Anil et al. 

(2006) found that longevity did not differ between sows housed in individual stalls or 

group pens.  Sows were fed similar diets during gestation in both studies of Anil et al. 

(2005, 2006).  Potentially, the sows’ response to diet may differ in different housing 

systems and influence both sow performance and longevity. 

Thus, the objectives of this study were: to determine the long-term effects of 

feeding DDGS to sows on reproductive performance; to measure the quantity and 

composition of slurry (feces and urine) resulting from feeding DDGS to reproducing 
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sows; and to evaluate the interactive effects of dietary DDGS and housing system on sow 

performance and longevity over 3 reproductive cycles. 

Material and Methods 

The experimental protocol used in this study was approved by the Institutional 

Animal Care and Use Committee of the University of Minnesota. 

Animals and Management 

 The experiment was conducted at the University of Minnesota’s Southern 

Research and Outreach Center Swine Research Facility in Waseca, MN.  The experiment 

began on May 15, 2009 and completed on August 1, 2011.  Four hundred one (n = 311 

for parity 0; n = 90 for parity 1) sows (English Belle, GAP Genetics, Winnipeg, Manitoba, 

Canada) with an initial BW of 163 ± 22 kg were used.  Sows assigned to the experiment 

represented 45 contemporary farrowing groups as part of the Research Center’s normal 

production flow.  Sows were assessed for incidence of lameness at breeding according to 

the procedures described by Bonde et al. (2004).  Females with lameness scores of 1 (no 

signs of lameness) and 2 (stepping frequently while standing) at breeding were deemed 

sound and assigned to the trial.  Throughout gestation, sows were fed 2.04 kg daily of 

their assigned diet.  Feeding levels were adjusted to accommodate required changes in 

body condition with a body condition score of 3 as a goal at farrowing.  On d 109 of 

gestation, sows were moved into environmentally-controlled farrowing rooms and placed 

in individual farrowing stalls (2.13 m long × 0.97 m high × 0.66 m wide).  Sows were fed 

2.25 kg of their assigned lactation diets starting on d 109 of gestation until farrowing.  

After parturition, the amount of feed offered was increased gradually to allow for ad 

libitum access to their assigned lactation diets from d 5 until weaning at about d 19 of 
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lactation.  At weaning, sows were moved to an environmentally-controlled breeding barn 

and checked daily for signs of estrus using a mature boar until estrus was detected or d 21 

post-weaning, whichever occurred earlier.  From weaning to breeding, sows were fed 

2.25 kg of their assigned gestation diets.  Sows were allowed free access to water 

throughout the experiment and remained in the study throughout gestation and lactation 

for up to three reproductive cycles.  Within each reproductive cycle, sows were culled 

only if they failed to conceive after the second post-weaning service, were anestrous 

longer than 21 d post-weaning, or had lameness scores of 3 (attempting to relieve limbs) 

or 4 (reluctant to bear weight on limbs). 

Within 24 h of birth, piglets were cross-fostered within dietary treatment and 

housing system to equalize litter sizes across treatments.  Piglet processing procedures 

included iron shots, docking of tails, and disinfecting of navels within 24 h after birth 

according to standard piglet management procedures of the farm.  Surgical castrations 

were completed when all male piglets were between 5 to 9 d of age.  Piglets were 

provided with a heat lamp for 48 h after birth and had access to heat pads until weaning.  

Piglets did not receive creep feed and were weaned at about 19 d of age.   

Dietary Treatment and Housing System 

At initial breeding, sows were assigned randomly to 1 of 4 experimental 

treatments in a 2 x 2 factorial arrangement.  Dietary treatments included a control diet 

composed of corn and soybean meal fortified with vitamins and minerals and fed during 

gestation and lactation or a similar diet containing 40% DDGS in gestation and 20% 

DDGS in lactation (Table 3.1).  Distillers dried grains with solubles were obtained from a 

single dry-grind ethanol plant (Absolute Energy, L.L.C., Lyle, MN) throughout the study.  
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Dietary treatments were formulated on a standardized ileal digestible (SID) AA basis 

with the ME-to-SID Lys ratio equalized across experimental diets.  Except for DDGS, 

amounts of SID AA were calculated according to the SID coefficient from NRC (1998) 

and total analyzed AA values for all ingredients.  Average SID coefficient for 14 DDGS 

manufacturers and total analyzed AA values of DDGS were used to calculate SID AA 

content in the DDGS used in the experiment (University of Minnesota, 2008).  Ratios of 

Ca-to-available P were also similar among experimental diets.  Gestating sows were fed 

at levels to satisfy nutrient requirements of females producing 12 total piglets per litter 

and gaining 30 kg maternal BW in parity 1, and 15 to 20 kg maternal BW in parities 2 

and 3 as described by NRC (1998).  Diets for lactating sows met or exceeded NRC (1998) 

nutrient recommendations for females with average pre-farrowing BW of 217 kg, 

expected litter size of 10, and expected piglet ADG of 259 g.  Within dietary treatment, 

sows were assigned randomly to one of the two housing systems after breeding.  Sows 

remained in their gestation housing system until d 109 of gestation.  Sows housed in 

group pens were managed in dynamic groups.  Approximate 25 sows were transferred to 

farrowing rooms on d 109 of gestation and another 25 sows about 1 wk after mating were 

added to each pen.  Each group pen (15.2 m × 7.6 m) was equipped with 6 nipple 

waterers and located on a fully stalled concrete floor.  Each pen contained one electronic 

sow feeder (Osborne Industries, Osborne, Kansas, USA) and 2 hoppers: one for the 

control and the other for the DDGS-containing diet.  Excluding the space occupied by the 

electronic feeder, about 50 sows were housed in each pen with a floor space allowance of 

2.2 m2 per sow.  Individual stalls (Crystal Spring Hog Equipment, Ste. Agathe, Manitoba) 

were equipped with individual feeders and nipple waterers.  Each stall (2.1 m × 0.6 m) 
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was located on a fully slatted concrete floor.  Sows in group pens had 24-h access to 

electronic sow feeders.  Sows in individual stalls were fed at 0630 h daily.  
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Table 3.1.  Composition and nutrient content of experimental diets in gestation and 
lactation (as-fed basis) 

Item 
Gestation Lactation 

   Control1 DDGS2   Control DDGS 
Ingredient, % 

Corn    74.45   54.35 61.55 51.90 
DDGS3      0.00 40.00 0.00 20.00 
Soybean meal (46.5%) 18.80 0.00 30.00 20.00 
Choice white grease 2.00 0.50 3.70 3.00 
Dicalcium phosphate 1.90 0.80 2.40 1.90 
Limestone 1.40 2.30 1.30 1.80 
Salt 0.35 0.35 0.35 0.35 
Vitamin-mineral premix4 0.50 0.50 0.50 0.50 
Biotin premix5 0.20 0.20 0.20 0.20 
Choline chloride (50%) 0.10 0.20 0.00 0.10 
L-Lys-HCL (78%) 0.00 0.40 0.00 0.20 
L-Trp (98%) 0.05 0.10 0.00 0.05 
L-Thr (98.5%) 0.15 0.20 0.00 0.00 
DL-Met (99%) 0.10 0.10 0.00 0.00 

Analyzed nutrient content:  
ME,6 Kcal/kg   3,341   3,351   3,413   3,417 
CP, % 16.20 14.93 18.90 18.33 
Total Ca, % 1.18 1.20 1.06 1.22 
Available P,6 % 0.41 0.43 0.52 0.53 
ADF, % 2.54 4.85 3.11 4.03 
SID Lys,7 % 0.65 0.66 0.94 0.92 
SID Met + Cys,7 % 0.53 0.54 0.52 0.52 
SID Thr,7 % 0.58 0.58 0.58 0.55 
SID Trp,7 % 0.19 0.18  0.21 0.22 
1Control = fortified corn-soybean meal diets. 
2DDGS = distillers dried grains with solubles (DDGS) containing diets. 
3Obtained from Absolute Energy, L.L.C., Lyle, MN. 
4Supplied the following per kg of diet: vitamin A, 12,114 IU; vitamin D, 2,753 IU; 
vitamin E, 66 IU; vitamin K, 4.4 mg; thiamine, 1 mg; riboflavin, 10 mg; niacin, 55 
mg; pantothenic acid, 33 mg; pyridoxine, 2.2 mg; folic acid, 1.6 mg; vitamin B12, 0.06 
mg; I, 0.5 mg from ethylenediamine dihydriodide; Se, 0.3 mg from sodium selenite; 
choline, 548 mg from choline chloride; and metal polysaccharide complexes of zinc 
sulfate (125 mg of Zn), iron sulfate (125 mg of Fe), manganese sulfate (40 mg of Mn), 
and copper sulfate (15 mg of Cu). 
5Supplied 0.51 mg of biotin (JBS United Inc., Sheridan, IN) per kg of diet. 
6Calculated values according to the NRC (1998). 
7Standardized ileal digestible (SID) AA were calculated according to the NRC (1998) 
SID and total analyzed values for all ingredients except for DDGS. Average value 
from 14 DDGS manufacturers was used to calculate SID values (University of 
Minnesota, 2008).   



 

 

82 
 

 

Data Collection  

Nutrient Composition of Ingredients and Diets 

Mycotoxin screens for vomitoxin and zearalenone were conducted on 2 randomly 

selected lots of DDGS at a commercial laboratory (Minnesota Valley Testing 

Laboratories, New Ulm, MN).  Concentrations of DM (method 934.01; AOAC, 2006), 

CP (method 984.13; AOAC, 2006), crude fat (method 920.39; AOAC, 2006), Ca (method 

958.01; AOAC, 2006), P (method 958.01; AOAC, 2006), ADF (method 973.18; AOAC, 

2006), and AA (method 982.30; AOAC, 2006) for soybean meal and DDGS were 

analyzed at the Experiment Station Chemical Laboratories (University of Missouri, 

Columbia, MO).  These analyzed nutrient contents were used to formulate experimental 

diets.  Nutrient concentrations for other feed ingredients were based on NRC (1998).  A 

sample of each batch of the experimental diet was collected and frozen at -80ºC for 

subsequent nutrient analyses.  A random selection of diet samples within each 

reproductive cycle were submitted to a commercial laboratory (Minnesota Valley Testing 

Laboratories, New Ulm, MN) for analyses of DM (method 934.01; AOAC, 2006), CP 

(method 984.13; AOAC, 2006), crude fat (method 920.39; AOAC, 2006), Ca (method 

958.01; AOAC, 2006), P (method 958.01; AOAC, 2006), and ADF (method 973.18; 

AOAC, 2006). 

Sow and Litter Performance 

Sow BW was recorded and backfat depth was determined ultrasonically at the last 

rib at the both left and right sides (6.5 cm off the dorsal mid-line; Lean-Meater, Renco 

Corp., Minneapolis, MN) at breeding, on d 109 of gestation, within 24 h after farrowing, 

and at weaning to assess body condition and BW changes during gestation and lactation.  
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In lactation, parity of sows, farrowing date, litter size (number of total piglets born, born 

alive, after cross-fostering, and at weaning), and pre-weaning piglet deaths were recorded.  

Pre-weaning mortality of piglets within litter was calculated as the number of liveborn 

piglets that died before weaning divided by the number of piglets born alive.  Litter 

weight was recorded at birth, after cross-fostering, and at weaning.  Litter weight gain 

and piglet ADG from cross-fostering until weaning was calculated and used as an indirect 

measure of sow milk production.  Feed was weighed and offered to sows twice daily to 

avoid accumulation of uneaten feed in the feeder.  Orts were collected and weighed if 

feed was soiled and at weaning to allow calculation of ADFI throughout lactation.  Date 

of post-weaning estrus was noted for all sows and wean-to-estrus intervals were 

calculated for the first and second reproductive cycles.   

Manure Production and Composition 

Total collection of feces and urine was performed for 3 d on a subset of sows in 

their first or third reproductive cycle from sows fed corn-soybean meal control diets (first 

cycle, n = 9; third cycle, n = 10) and DDGS-containing diets (first cycle, n = 10; third 

cycle, n = 11) during wk 6 to 10 of gestation.  Sows were housed in individual stalls 

during gestation.  For each reproductive cycle, 2 contemporary farrowing groups were 

used.  After measuring total weight of feces and total volume of urine produced, the feces 

to urine ratio was calculated.  Feces and urine were subsampled proportionally based on 

the excreted feces to urine ratio and then mixed to simulate slurry production.  Collected 

fecal and feed samples were analyzed for DM content by forced-air oven drying at 60ºC 

to allow calculation of DM digestibility.  Composited manure samples were analyzed for 

N (method 990.3; AOAC, 2006), P (method 6010A; EPA, 1992a), and K (method 7000A; 
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EPA, 1992b) by a commercial manure laboratory (AGVISE Laboratories, Inc., Benson, 

MN).  

Sow Longevity 

Treatments and reasons for sick sows were recorded.  Death and cause of death 

for any sow were also recorded.  A postmortem examination was performed by the 

attending veterinarian if any sow died without obvious reasons.  Culling date and reason 

were recorded for sows culled before the end of the experiment.  To estimate overall 

productivity of the sows assigned to the experiment, total number of piglets born, born 

alive, and weaned were summed for each sow. 

Statistical Analyses 

For all data analyses, SAS (SAS Inst. Inc., Gary, NC) was used.  Individual sow 

served as the experimental unit in all analyses.  The PDIFF option with the Tukey-

Kramer adjustment was used for comparisons of means.  Covariates were used to adjust 

response means and are presented as a footnote for each table.  The pooled SE was the 

average of multiple SE values reported for a given trait.  All reported means are least 

squares means.  Treatment differences with P values < 0.05 were considered significant 

and P values between 0.05 and 0.10 were considered a trend. 

Data collected for sow and litter performance were analyzed as a 3 × 2 × 2 

factorial design with repeated measurements in time and analyzed statistically using 

PROC GLIMMIX with ILINK function.  The P values for 3-way interaction 

(reproductive cycle × dietary treatment × housing system) were greater than 0.10 for all 

variables of interest; so, the 3-way interaction term was excluded from the final statistical 

model.  Fixed effects in the statistical model included 3 reproductive cycles, 2 dietary 
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treatments, 2 housing systems, and 2-way interactions (reproductive cycle × dietary 

treatment, reproductive cycle × housing system, and dietary treatment × housing system).  

Farrowing group was included in the model as a random effect to account for expected 

seasonal differences that occurred over the course of the experiment. 

Data collected from manure production and composition were analyzed as a 2 x 2 

factorial design using a linear model in PROC MIXED.  Reproductive cycle, dietary 

treatment, and their interaction were included in the model as fixed effects.  

Contemporary farrowing group was included as a random effect. 

Sow longevity data were analyzed using PROC PHREG.  Days were calculated 

from the time sows were culled, died, or completed each reproductive cycle to the time of 

initial breeding.  The P values for the 2-way interaction (dietary treatment × housing 

system) were greater than 0.10 for the percentage of sows completed each successive 

reproductive cycle.  Therefore, the 2-way interaction between diet and housing was 

removed from the statistical model.  Fixed effects in the final model included dietary 

treatment and housing system.  The initial parity at breeding was included in the model as 

a random effect. 

Number of sows in each category of culling reasons throughout the study was 

analyzed using a Chi Square (x2) test of independence of diet and housing effects.  Total 

number of piglets born and born alive for each sow over her entire period in the study 

was calculated as another indicator of sow lifetime productivity and were analyzed using 

a Poisson regression in PROC GLIMMIX.  The statistical model included dietary 

treatment, housing system, and their interaction as fixed effects.   
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Results 

Two randomly selected lots of DDGS were screened for vomitoxin and 

zearalenone concentrations.  A concentration of 0.66 ppm and < 0.2 ppm were detected 

for vomitoxin and zearalenone, respectively, in the first lot.  The second lot contained < 

0.5 ppm and < 0.2 ppm of vomitoxin and zearalenone, respectively.  Both vomitoxin and 

zearalenone in the DDGS used in this experiment were below levels generally recognized 

as safe for swine diets (Thaler and Reese, 2010).  

Sow and Litter Performance 

For the entire experiment, there were numerous significant 2-way interactions 

observed among reproductive cycle, diet, and housing system (Tables 3.2 and 3.3).  Least 

squares means of interactive effects of DDGS and housing system on sow and litter 

performance in each reproductive cycle are presented in Tables 3.4 and 3.5.  To compare 

effects of 2-way interactions easily, least squares means and P-values of sow and litter 

performance were summarized according to diet by housing system interaction (Tables 

3.6 and 3.7), diet by reproductive cycle interaction (Tables 3.8 and 3.9), and housing by 

reproductive cycle interaction (Tables 3.10 and 3.11).
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Table 3.2.  P-values of interactive effects of distillers dried grains with solubles (DDGS) and housing system on sow performance 
over three reproductive cycles 

Item 
Main effects  Interactions 

Cycle1 Diet2 Housing3  Cycle*Diet Cycle*Housing Diet*Housing 
Sow BW, kg:  

Breeding <.01 <.01 <.01  <.01 <.01 0.66 
d 109 of gestation 0.06 <.01 <.01  0.47 <.01 0.88 
Gestation gain4 <.01 0.31 0.04  0.26 <.01 0.16 
Farrowing <.01 <.01 <.01  0.47 <.01 0.95 
Weaning <.01 <.01 0.03  0.09 <.01 0.73 
Lactation change5 <.01 0.24 0.08  0.05 0.05 0.27 

Sow backfat depth, mm:  
Breeding <.01 <.01 <.01  0.02 <.01 0.39 
d 109 of gestation <.01 0.01 0.86  0.81 <.01 0.66 
Gestation gain4 <.01 0.64 <.01  0.33 <.01 0.84 
Farrowing <.01 <.01 0.50  0.41 <.01 0.61 
Weaning <.01 <.01 0.32  0.15 <.01 0.94 
Lactation change5 <.01 0.36 0.93  0.64 0.05 0.29 

Lactation ADFI, kg <.01 0.19 0.80  0.62 0.02 0.71 
Wean-to-estrus interval,6 d 0.41 0.55 0.92  0.21 0.32 0.31 

1Cycle included the first, second, and third reproductive cycle. 
2Diet included Control (fortified corn-soybean meal diets) and DDGS (diets containing 40% DDGS in gestation and 20% in 
lactation). 
3Housing included individual stall or group pen with electronic sow feeder. 
4Gestation length was used as covariate in statistical model. 
5Lactation length was used as covariate in statistical model. 
6Data were collected from the first and second reproductive cycles. 
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Table 3.3.  P-values of interactive effects of distillers dried grains with solubles (DDGS) and housing system on litter performance 
over three reproductive cycles 

Item 
Main effects  Interactions 

Cycle1 Diet2 Housing3  Cycle*Diet Cycle*Housing Diet*Housing 
Litter size:  

Born total 0.04 0.12 0.11  0.78 0.16 0.46 
Born alive 0.23 0.03 0.07  0.94 0.50 0.46 
Born dead 0.01 0.07 0.74  0.23 0.32 0.39 
After cross-fostering <.01 <.01 <.01  <.01 0.51 0.39 
Weaning <.01 <.01 <.01  <.01 0.32 0.65 

Litter wt, kg;  
Born alive 0.08 0.79 0.11  0.57 0.44 0.30 
After cross-fostering <.01 0.96 0.14  0.05 0.50 0.03 
Weaning <.01 <.01 0.11  0.33 0.91 0.03 
Gain4 <.01 <.01 0.09  0.18 0.74 0.03 

Piglet ADG, g 0.03 0.80 0.70  0.04 0.14 0.01 
Piglet pre-weaning mortality, % 0.31 0.71 0.78  0.21 0.29 0.18 

1Cycle included the first, second, and third reproductive cycle. 
     2Diet included Control (fortified corn-soybean meal diets) and DDGS (diets containing 40% DDGS in gestation and 20% in 

lactation). 
3Housing included individual stall or group pen with electronic sow feeder. 
4Lactation length was used as covariate in statistical model. 
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Table 3.4.  Least squares means of interactive effects of distillers dried grains with solubles (DDGS) and housing system on sow 
performance over three reproductive cycles 

1Control = fortified corn-soybean meal diets. 
2DDGS = diets containing 40% DDGS in gestation and 20% in lactation. 
3Stall = sows housed in individual stalls. 
4Pen = sows housed in group pens with electronic sow feeder. 
5Gestation length was used as a covariate in the statistical model. 
6Lactation length was used as a covariate in the statistical model. 
7Data were collected from the first and second reproductive cycles. 

Item 

First Cycle Second Cycle Third Cycle 
Pooled 

SE 
Control1 DDGS2 Control DDGS Control DDGS 

Stall3 Pen4 Stall Pen Stall Pen Stall Pen Stall Pen Stall Pen 
No. of sows 89 90 88 90 83 67 77 70 74 56 64 56 
Sow BW, kg:       

Breeding 178 162 177 163 192 183 186 178 196 191 188 183 1.93 
d 109 of gestation 236 219 232 216 234 228 229 221 230 237 227 227 2.40 
Gestation gain5 57.2 55.9 54.7 52.9 42.8 46.4 44.6 42.8 37.0 47.6 40.4 44.5 1.63 
Farrowing 218 205 214 201 218 214 214 206 219 224 214 214 2.24 
Weaning 210 199 204 196 217 211 209 203 221 225 215 216 2.21 
Lactation change6 -8.1 -5.8 -9.8 -4.9 -1.2 -0.5 -4.8 -2.6 2.6 1.8 1.9 2.3 1.31 

Sow backfat depth, mm:    
Breeding 18.9 15.8 18.6 14.9 16.0 15.3 15.2 13.6 14.2 13.7 12.5 11.8 0.44 
d 109 of gestation 20.5 19.2 19.9 17.9 16.9 16.8 16.0 15.3 14.1 15.8 12.9 14.9 0.55 
Gestation gain5 1.6 3.3 1.4 3.1 0.9 1.4 0.8 1.3 -0.1 2.2 0.5 3.0 0.43 
Farrowing 20.1 18.5 19.3 17.3 16.6 16.3 15.1 14.8 13.8 15.6 12.8 13.6 0.49 
Weaning 16.9 15.6 15.9 14.5 14.7 14.2 13.0 12.8 12.7 13.8 11.5 11.7 0.43 
Lactation change6 -3.0 -3.0 -3.3 -2.7 -1.9 -2.0 -2.3 -2.1 -1.3 -1.5 -1.3 -1.7 0.24 

Lactation ADFI, kg 5.3 5.5 5.0 5.3 6.3 6.3 6.2 6.1 6.7 6.6 6.7 6.3 0.18 
Wean-to-estrus interval,7 d 5.3 5.5 5.8 5.4 5.3 5.5 5.3 5.4 - - - - 0.19 



 

 

90 
 

 

Table 3.5.  Least squares means of interactive effects of distillers dried grains with solubles (DDGS) and housing system on litter 
performance over three reproductive cycles 

 1Control = fortified corn-soybean meal diets. 
2DDGS = diets containing 40% DDGS in gestation and 20% in lactation. 
3Stall = sows housed in individual stalls. 
4Pen = sows housed in group pens with electronic sow feeder. 
5Lactation length was used as a covariate in the statistical model.  

Item 

First Cycle  Second Cycle  Third Cycle 
Pooled 

SE 
Control1  DDGS2 

 
Control  DDGS 

 
Control  DDGS 

Stall3 Pen4  Stall Pen Stall Pen  Stall Pen Stall Pen  Stall Pen 
No. of litters 89 90  88 90 83 67  77 70 74 56  64 56 
Litter size:  

Born total 12.2 11.4 12.0 11.0 12.7 11.7 11.8 12.0 12.9 12.8 12.2 12.3 0.43 
Born alive 11.6 10.8 11.1 10.4 12.0 11.0 10.8 11.0 12.0 11.9 11.4 11.2 0.41 
Born dead 0.5 0.6 0.8 0.6 0.7 0.7 1.0 1.0 0.9 1.0 0.8 1.1 0.14 
After cross-
fostering 

10.4 10.2 9.8 9.4 10.7 10.4 10.5 10.3 11.0 10.6 10.7 10.2 0.14 

Weaning 10.1 10.0 9.4 9.2 10.4 10.2 10.3 9.9 10.7 10.2 10.4 10.0 0.15 
Litter wt, kg:    

Born alive 17.5 16.9 17.6 16.1 18.5 17.7 18.0 17.6 17.4 18.1 18.6 17.6 0.61 
After cross-
fostering 

17.5 17.3 17.0 16.3 18.0 18.6 18.8 18.0 17.4 17.8 19.2 17.2 0.49 

Weaning 64.6 64.3 62.4 59.2 68.6 70.1 69.6 65.7 69.2 70.0 68.9 65.2 1.46 
Gain5 47.6 48.0 46.1 43.3 50.6 51.8 51.2 48.6 50.9 50.2 50.1 48.0 1.01 

Piglet ADG, g 266 268  277 267  272 285  275 270  265 274  269 268 4.47 
Piglet pre-weaning 
mortality, % 

9.3 8.1 8.0 11.5 8.5 8.1 7.1 9.2 11.5 10.4 9.7 8.3 1.43 
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Diet by Housing Effects 

No interactive effects of diet and housing system existed for sow BW and backfat 

depth during gestation and lactation (Table 3.6).  Diet and housing system did not 

interactively affect lactation ADFI or wean-to-estrus interval throughout the study.  There 

were no interactions between diet and housing system on litter size at birth, after cross-

fostering, and at weaning (Table 3.7).  Diet and housing system interacted to influence 

litter weight after cross-fostering and at weaning and litter weight gain.  Litters from 

sows fed DDGS and housed in group pens were lighter at weaning and gained less (P < 

0.05) weight during lactation than litters from sows fed DDGS housed in stalls.  This 

difference between gestation housing was not apparent for litters nursing control-fed 

sows.   

An interactive effect of diet and housing system was found for piglet ADG. 

Piglets produced from sows housed in group pens and fed control diets grew faster than 

piglets produced from sows housed in stalls and fed control diets.  In contrast, piglets 

produced from sows housed in group pens and fed DDGS grew slower than piglets from 

sows housed in stalls and fed DDGS.  Diet and housing system did not interactively 

affect piglet pre-weaning mortality. 
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Table 3.6.  Interactive effects of distillers dried grains with solubles (DDGS) and housing system on sow performance over three 
reproductive cycles 

Item 
Control1   DDGS2 

Pooled SE 
P-value 

Stall3 Pen4   Stall Pen Diet Housing Diet*Housing 
No. of litters 246 213 229 216 
Sow BW, kg: 

Breeding 189 179 184 175 1.67 <.01 <.01 0.66 
d 109 of gestation 234 228 229 221 1.97 <.01 <.01 0.88 
Gestation gain5 45.7 50.0 46.6 46.7 1.15 0.31 0.04 0.16 
Farrowing 218 214 214 207 1.88 <.01 <.01 0.95 
Weaning 216 212 209 205 1.91 <.01 0.03 0.73 
Lactation change6 -2.3 -1.5 -4.2 -1.7 0.99 0.24 0.08 0.27 

Sow backfat depth, mm: 
Breeding 16.3 15.0 15.4 13.4 0.37 <.01 <.01 0.39 
d 109 of gestation 17.2 17.3 16.3 16.0 0.45 0.01 0.86 0.66 
Gestation gain5 0.8 2.3 0.9 2.5 0.28 0.64 <.01 0.84 
Farrowing 16.9 16.8 15.7 15.2 0.43 <.01 0.50 0.61 
Weaning 14.8 14.5 13.5 13.0 0.37 <.01 0.32 0.94 
Lactation change6 -2.1 -2.2 -2.3 -2.2 0.16 0.36 0.93 0.29 
Lactation ADFI, kg 6.1 6.1 6.0 5.9 0.11 0.19 0.80 0.71 

Wean-to-estrus interval,7 d 5.3 5.5  5.6 5.4 0.14 0.55 0.92 0.31 
1Control = fortified corn-soybean meal diets. 
2DDGS = diets containing 40% DDGS in gestation and 20% in lactation. 
3Stall = sows housed in individual stalls. 
4Pen = sows housed in group pens with electronic sow feeder. 
5Gestation length was used as a covariate in the statistical model. 
6Lactation length was used as a covariate in the statistical model. 
7Data were collected from the first and second reproductive cycles.  

  



 

 

93 
 

 

Table 3.7.  Interactive effects of distillers dried grains with solubles (DDGS) and housing system on litter performance over three 
reproductive cycles 

Item 
Control1   DDGS2 

Pooled SE 
P-value 

Stall3 Pen4   Stall Pen Diet Housing Diet*Housing 
No. of litters 246 213 229 216 
Litter size: 

Total born 12.6 11.9 12.0 11.8 0.29 0.12 0.11 0.46 
Born alive 11.9 11.2 11.1 10.9 0.27 0.03 0.07 0.46 
Born dead 0.7 0.7 0.9 0.9 0.10 0.07 0.74 0.39 
After cross-fostering 10.7 10.4 10.4 10.0 0.09 <.01 <.01 0.39 
Weaning 10.4 10.1 10.0 9.7 0.09 <.01 <.01 0.65 

Litter wt, kg: 
Born alive 17.8 17.6 18.1 17.1 0.40 0.79 0.11 0.30 
After cross-fostering 17.6 17.9 18.3 17.2 0.32 0.96 0.14 0.03 
Weaning 67.5 68.1 67.0 63.4 1.04 <.01 0.11 0.03 
Gain5 49.7 50.0 49.1 46.6 0.71 <.01 0.09 0.03 

Piglet ADG, g 268 276 274 268 3.29 0.80 0.70 0.01 
Piglet pre-weaning mortality, % 9.8 8.9 8.3 9.7 0.95 0.71 0.78 0.18 

1Control = fortified corn-soybean meal diets. 
2DDGS = diets containing 40% DDGS in gestation and 20% in lactation. 
3Stall = sows housed in individual stalls. 
4Pen = sows housed in group pens with electronic sow feeder. 
5Lactation length was used as a covariate in the statistical model. 
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Dietary Effects 

Dietary treatment influenced sow BW at breeding and this difference was present 

on d 109 of gestation (Table 3.8).  Sows fed DDGS had lower (P < 0.05) BW than those 

fed control diets (breeding, 179 vs. 184 kg; d 109 of gestation, 225 vs. 231 kg).  However, 

diet did not affect BW gain during gestation (DDGS, 46.6 kg vs. control, 47.8 kg).  

Feeding DDGS decreased (P < 0.01) sow BW at farrowing (211 vs. 216 kg) and weaning 

(207 vs. 214 kg) compared with feeding control diets.  However, feeding DDGS to sows 

had no effect on BW changes during lactation.  An interactive effect between 

reproductive cycle and diet was observed for sow BW at breeding.  Sow BW at the start 

of the experiment was similar between dietary treatments, but feeding DDGS decreased 

(P < 0.05) sow BW in the second and third reproductive cycles compared with feeding 

control diets.  No interactions existed between reproductive cycle and diet for sow BW 

on d 109 of gestation, within 24 h after farrowing or weight gain during gestation.  

Although feeding DDGS did not change sow BW at weaning in the first reproductive 

cycle, sows tended (P = 0.09) to have decreased BW at weaning in the second and third 

reproductive cycles compared with feeding control diets.  Sows fed DDGS lost similar 

BW during lactation at the first reproductive cycle compared with those fed control diets.  

However, sows fed DDGS tended (P = 0.05) to lose more BW during lactation than those 

fed control diets in the second reproductive cycle, and exhibited similar gains in BW 

during lactation in the third reproductive cycle.   

Feeding DDGS decreased (P < 0.05) sow backfat depth at breeding (14.4 vs. 15.7 

mm) and d 109 of gestation (16.1 vs. 17.2 mm) compared with feeding control diets 

(Table 3.8).  Diet had no effect on gain of backfat depth during gestation.  At farrowing 
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and weaning, sows fed DDGS also had less backfat depth than those fed control diets 

(within 24 h after farrowing, 15.5 vs. 16.8 mm; weaning, 13.2 vs. 14.6 mm).  Diet did not 

influence change in backfat depth during lactation.  Reproductive cycle and diet 

interacted to affect sow backfat depth at breeding but not on d 109 of gestation.  Sows fed 

DDGS had similar backfat depth at the beginning of the first reproductive cycle, but had 

less (P < 0.05) backfat depth compared with sows fed control diets at breeding in the 

second and third reproductive cycles.  No interactions between reproductive cycle and 

diet were observed for backfat depth measured at any other time during the experiment.   

Average daily feed intake of lactating sows was not different between sows fed 

DDGS and control diets, and this observation was consistent across all 3 reproductive 

cycles.  Likewise, post-weaning interval to estrus was similar between sows fed DDGS 

and those fed control diets.
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Table 3.8.  Effects of feeding diets containing distillers dried grains with solubles (DDGS) on sow performance in each reproductive 
cycle 

 1Control = fortified corn-soybean meal diets. 
2DDGS = diets containing 40% DDGS in gestation and 20% in lactation. 
3Gestation length was used as a covariate in the statistical model. 
4Lactation length was used as a covariate in the statistical model.

Item 

First Cycle Second Cycle Third Cycle 
Pooled SE

P-value 

Control1 DDGS2 Control DDGS Control DDGS Cycle Diet Cycle*Diet
No. of litters 179 178 150 147 130 120 
Sow BW, kg: 

Breeding 170 170 187 182 193 185 1.46 <.01 <.01 <.01 
d 109 of gestation 227 224 231 225 234 227 1.81 0.06 <.01 0.47 
Gestation gain3 56.5 53.8 44.6 43.7 42.3 42.5 1.25 <.01 0.31 0.26 
Farrowing 211 207 216 210 221 214 1.70 <.01 <.01 0.47 
Weaning 204 200 214 206 223 216 1.65 <.01 <.01 0.09 
Lactation change4 -7.0 -7.4 -0.9 -3.7 2.2 2.1 0.98 <.01 0.24 0.05 

Sow backfat depth, mm: 
Breeding 17.3 16.8 15.7 14.4 14.0 12.1 0.33 <.01 <.01 0.02 
d 109 of gestation 19.9 18.9 16.9 15.6 15.0 13.9 0.42 <.01 0.01 0.81 
Gestation gain3 2.4 2.2 1.2 1.1 1.0 1.7 0.33 <.01 0.64 0.33 
Farrowing 19.3 18.3 16.4 15.0 14.7 13.2 0.36 <.01 <.01 0.41 
Weaning 16.2 15.2 14.4 12.9 13.3 11.6 0.33 <.01 <.01 0.15 
Lactation change4 -3.0 -3.0 -2.0 -2.2 -1.4 -1.5 0.19 <.01 0.36 0.64 

Lactation ADFI, kg 5.4 5.1 6.3 6.2 6.6 6.5 0.11 <.01 0.19 0.62 
Wean-to-estrus interval, d 5.4 5.6 5.4 5.4      -     - 0.14 0.41 0.55 0.21 
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The total number of piglets born per litter was not different between dietary 

treatments (Table 3.9).  However, sows fed DDGS farrowed fewer (P < 0.05) liveborn 

piglets (11.0 vs. 11.6) and tended (P = 0.06) to have more piglets born dead per litter (0.9 

vs. 0.7) than those fed control diets.  Feeding DDGS decreased (P < 0.05) litter size after 

cross-fostering (10.2 vs. 10.6) and at weaning (9.8 vs. 10.2) compared with feeding 

control diets.  Effects of dietary treatment on litter size at farrowing were consistent 

across reproductive cycles because no interactions between diet and reproductive cycle 

were observed.  However, feeding diets containing DDGS reduced (P < 0.05) the number 

of piglets per litter after cross-fostering and at weaning in the first reproductive cycle 

with no differences in the second and third reproductive cycles.   

There was no main effect of diet on litter weight at birth and after cross-fostering.  

However, sows fed DDGS had lower (P < 0.05) litter weight at weaning than those fed 

control diets (65.2 vs. 67.8 kg).  Litters nursing DDGS-fed sows gained less weight than 

litters nursing sows fed control diets (47.8 vs. 49.8 kg).  There were no interactive effects 

of reproductive cycle and diet on litter weight at birth and weaning.  However, an 

interactive effect of reproductive cycle and diet on litter weight after cross-fostering was 

observed.  Litters from DDGS-fed sows were lighter (P = 0.05) after cross-fostering in 

the first reproductive cycle but had similar weight in the second reproductive cycle 

compared with those from control-fed sows.  Sows fed DDGS-containing diets nursed 

heavier (P = 0.05) litters after cross-fostering compared with sows fed control diets in the 

third reproductive cycle.  No interaction existed between reproductive cycle and dietary 

treatment for litter weight gain.   
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Average daily gain and pre-weaning mortality of piglets were not different for 

DDGS- and control-fed sows (Table 3.9).  However, ADG of piglets from sows fed 

DDGS-containing diets was 5 g higher in the first reproductive cycle and 6 g lower in 

second reproductive cycle but was not different in the third reproductive cycle compared 

with those from sows fed control diets (Cycle × Diet, P = 0.04).  Pre-weaning mortality 

of piglets was consistent across all 3 reproductive cycles.
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Table 3.9.  Effects of feeding diets containing distillers dried grains with solubles (DDGS) on litter performance in each reproductive 
cycle 

 1Control = fortified corn-soybean meal diets. 
2DDGS = diets containing 40% DDGS in gestation and 20% in lactation. 
3Lactation length was used as a covariate in the statistical model. 

 
Item 

First Cycle Second Cycle Third Cycle Pooled 
SE 

P-value 

Control1 DDGS2 Control DDGS Control DDGS Cycle Diet Cycle*Diet 

No. of litters 179 178 150 147  130 120     
Litter size: 

Born total 11.8 11.5 12.2 11.9 12.9 12.2 0.33 0.04 0.12 0.78 
Born alive 11.2 10.8 11.5 10.9 11.9 11.3 0.47 0.23 0.03 0.94 
Born dead 0.5 0.7 0.7 1.0 1.0 1.0 0.11 0.01 0.07 0.23 
After cross-fostering 10.3 9.6 10.6 10.4 10.8 10.5 0.11 <.01 <.01 <.01 
Weaning 10.1 9.3 10.3 10.1 10.5 10.2 0.12 <.01 <.01 <.01 

Litter wt, kg: 
Born alive 17.2 16.8 18.1 17.8 17.8 18.1 0.47 0.08 0.79 0.57 
After cross-fostering 17.4 16.6 18.3 18.4 17.6 18.2 0.38 <.01 0.96 0.05 
Weaning 64.4 60.8 69.4 67.7 69.6 67.1 1.15 <.01 <.01 0.33 
Gain3 47.8 44.7 51.2 49.9 50.6 49.1 0.77 <.01 <.01 0.18 

Piglet ADG, g 267 272 279 273 269 269 3.34 0.03 0.80 0.04 
Piglet pre-weaning 
mortality, % 

8.7 9.7
 

8.3 8.1
 

11.0 9.0 1.07 0.31 0.71 0.21 



 

 

100 
 

 

Housing Effects 

Housing system affected sow BW during gestation and lactation (Table 3.10).  

Group-housed sows were lighter (P < 0.05) at breeding (177 vs. 186 kg) and d 109 of 

gestation (224 vs. 232 kg) than stall-housed sows.  However, sows housed in group pens 

gained more (P < 0.05) BW during gestation than those housed in stalls (48.4 vs. 46.2 kg).  

Housing sows in group pens decreased (P < 0.05) BW within 24 h after farrowing (210 

vs. 216 kg) compared with housing sows in stalls and this difference continued to be 

present at weaning (208 vs. 212 kg).  However, sows housed in group pens tended (P = 

0.08) to lose less BW in lactation than those housed in stalls (-1.6 vs. -3.2 kg).  Housing 

sows in group pens decreased (P < 0.05) sow backfat depth at breeding (14.2 vs. 15.8 mm) 

compared with housing sows in stalls, but housing system had no effect on backfat depth 

on d 109 of gestation.  However, sows in group pens gained more (P < 0.05) backfat 

depth during gestation than those in stalls (2.4 vs. 0.8 mm).  There were no housing 

effects on backfat depth within 24 h after farrowing, at weaning, and changes during 

lactation. 

Interactive effects between reproductive cycle and housing system existed for sow 

BW and backfat depth at breeding, on d 109 of gestation, and gain during gestation 

(Table 3.10).  Sow housed in stalls had more (P < 0.05) BW and backfat depth than sows 

housed in group pens at the beginning of this experiment.  However, differences of BW 

and backfat depth of stall- and group-housed sows at breeding were gradually reduced (P 

< 0.05) from the first through the third reproductive cycle.  On d 109 of gestation, sows 

housed in group pens had decreased (P < 0.05) BW and backfat depth in the first and 

second reproductive cycles, but had increased (P < 0.05) BW and backfat depth in the 
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third reproductive cycle compared with sows housed in stalls.  Sows kept in group pens 

gained more (P < 0.05) BW during gestation in the third reproductive cycle but gained 

similar BW during gestation in the first and second reproductive cycles compared with 

sows kept in stalls.  Interactive effects between reproductive cycle and housing system 

were also found for sow BW and backfat depth within 24 h after farrowing, at weaning, 

and changes during lactation.  Housing sows in group pens decreased (P < 0.05) BW and 

backfat depth within 24 h after farrowing and at weaning compared with housing sows in 

stalls in the first and second reproductive cycles.  However, sows housed in group pens at 

the third reproductive cycle had more (P < 0.05) BW and backfat depth within 24 h after 

farrowing and at weaning compared with sow housed in stalls.  Stall-housed sows in the 

first and second reproductive cycles lost 3.7 and 1.5 kg more BW, respectively, compared 

with group-housed sows during lactation.  However, sows housed in stalls had similar 

weight gain during lactation compared with those housed in group pens in the third 

reproductive cycle.  Sows kept in stalls lost 0.4 mm more backfat depth during lactation 

in the first reproductive cycle, and lost the same backfat depth in the second reproductive 

cycle compared with sows kept in group pens.  However, group-housed sows at the third 

reproductive cycle lost 0.3 mm more backfat depth compared with stall-housed sows.   

Sows housed in stalls consumed 0.3 kg less feed each day of lactation in the first 

reproductive cycle compared with those housed in group pens (Table 3.10)  Housing 

system did not affect ADFI during lactation in the second reproductive cycle; but, stall-

housed sows in the third reproductive cycle consumed 0.3 kg more feed each day 

compared with group-housed sows.  Wean-to-estrus intervals were consistent across 
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reproductive cycles and were not different between dietary treatments throughout the 

study.
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Table 3.10.  Effects of gestation sow housing system on sow performance in each reproductive cycle 

 1Stall = sows housed in individual stalls during gestation. 
2Pen = sows housed in group pens with electronic sow feeders during gestation. 
3Gestation length was used as a covariate in the statistical model. 
4Lactation length was used as a covariate in the statistical model. 

Item 

First Cycle Second Cycle Third Cycle 
Pooled 

SE 

P-value 

Stall1 Pen2 
 

Stall Pen 
 

Stall Pen Cycle Housing 
Cycle* 

Housing 
No. of litters 177 180  160 137  151 126 
Sow BW, kg:         

Breeding 177 162  189 180  192 187 1.47 <.01 <.01 <.01 
d 109 of gestation 234 218  232 224  229 232 1.83 0.06 <.01 <.01 

Gestation gain3 56.0 54.4  43.7 44.6  38.7 46.1 1.25 <.01 0.04 <.01 

Farrowing 216 203  216 210  216 219 1.72 <.01 <.01 <.01 
Weaning 207 198  213 207  218 220 1.66 <.01 0.03 <.01 

Lactation change4 -9.0 -5.3  -3.0 -1.5  2.2 2.0 0.99 <.01 0.08 0.05 

Sow backfat depth, mm:            
Breeding 18.8 15.4  15.6 14.5  13.3 12.8 0.33 <.01 <.01 <.01 
d 109 of gestation 20.2 18.5  16.4 16.1  13.5 15.4 0.42 <.01 0.86 <.01 

Gestation gain3 1.5 3.2  0.9 1.4  0.2 2.6 0.33 <.01 <.01 <.01 

Farrowing 19.7 17.9  15.9 15.5  13.3 14.6 0.36 <.01 0.50 <.01 
Weaning 16.4 15.0  13.8 13.5  12.1 12.8 0.33 <.01 0.32 <.01 
Lactation change4 -3.2 -2.8  -2.1 -2.1  -1.3 -1.6 0.19 <.01 0.93 0.05 

Lactation ADFI, kg 5.1 5.4  6.2 6.2  6.7 6.4 0.11 <.01 0.80 0.02 
Wean-to-estrus interval, d 5.6 5.4  5.3 5.4     -    - 0.14 0.41 0.92 0.32 
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Group-housed sows tended to farrow fewer live pigs (11.0 vs. 11.5; P = 0.07) but 

had similar total number of pigs born per litter compared with stall-housed sows (Table 

3.11).  The number of piglets born dead per litter was not different between stall- and 

group-housed sows.  Housing sows in group pens decreased (P < 0.05) numbers of 

piglets after cross-fostering (10.2 vs. 10.6) and at weaning (9.9 vs. 10.2) per litter 

compared with housing sows in stalls.  No interactive effects of reproductive cycle and 

housing system were observed for litter size.  

Housing system did not affect litter weight at birth, after cross-fostering, or at 

weaning.  However, litters from sows housed in group pens tended (P = 0.09) to gain less 

weight than those from sows housed in stalls (48.3 vs. 49.4 kg).  Effects of housing 

system on litter weight and weight gain were consistent across reproductive cycles 

because there were no interactions between reproductive cycle and housing system.  

Average daily gain and pre-weaning mortality of piglets were not different between 

housing systems.  Interactions between reproductive cycle and housing system were not 

observed for ADG and pre-weaning mortality of piglets.
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Table 3.11.  Effects of gestation sow housing system on litter performance in each reproductive cycle 

 1Stall = sows housed in individual stalls during gestation. 
2Pen = sows housed in group pens with electronic sow feeders during gestation. 
3Lactation length was used as a covariate in the statistical model.

 
Item 

First Cycle Second Cycle Third Cycle 
Pooled 

SE 

P-value 

 Stall1  Pen2 
 

 Stall  Pen 
 

 Stall  Pen Cycle Housing 
Cycle* 

Housing 
No. of litters 172 180  160 137 138 112     
Litter size:         

Born total 12.1 11.2 12.3 11.8 12.5 12.6 0.33 0.04 0.11 0.16 
Born alive 11.4 10.6 11.4 11.0 11.7 11.5 0.31 0.23 0.07 0.50 
Born dead 0.7 0.6 0.8 0.8 0.9 1.0 0.11 0.01 0.74 0.32 
After cross-fostering 10.1 9.8 10.6 10.4 10.8 10.4 0.11 <.01 <.01 0.51 
Weaning 9.8 9.6 10.4 10.0 10.6 10.1 0.12 <.01 <.01 0.32 

Litter wt, kg:      
Born alive 17.6 16.5 18.2 17.6 18.0 17.9 0.47 0.08 0.11 0.44 
After cross-fostering 17.2 16.8 18.4 18.3 18.3 17.5 0.38 <.01 0.14 0.50 
Weaning 63.5 61.7 69.1 67.9 69.0 67.6 1.16 <.01 0.11 0.91 
Gain3 46.9 45.6 50.9 50.2 50.5 49.1 0.77 <.01 0.09 0.74 

Piglet ADG, g 271 267  274 278  267 271 3.36 0.03 0.70 0.14 
Piglet pre-weaning 
mortality, % 

8.6 9.8 7.8 8.6 10.6 9.4 1.07 0.31 0.78 0.29 
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Slurry Production and Composition 

Effects of diet on manure output and composition were consistent across 

reproductive cycles as indicated by the lack of interaction between diet and reproductive 

cycle (Tables 3.12 and 3.13).  Neither diet nor reproductive cycle affected ADFI of sows 

during the collection periods (Table 3.12).  Feeding DDGS to sows decreased (P < 0.05) 

diet DM digestibility compared with feeding control diets (76.8% vs. 82.9%).  Sows fed 

DDGS excreted more (P < 0.05) fresh feces (755 vs. 561 g/d) and dry feces (477 vs. 345 

g/d) than sows fed control diets.  Neither fecal moisture content (39.4% vs. 37.9%) nor 

volume of urine (3.7 vs. 3.8 L/d) differed between sows fed DDGS and control diets.  

Reproductive cycle did not influence DM digestibility of diets, daily fecal output (dry 

feces and fecal moisture), or daily urine excretion.  Volume of slurry (Control, 4.0 L; 

DDGS, 4.5 L) excreted daily was not affected by dietary treatments.  Sows fed DDGS 

excreted more (P < 0.05) slurry on a DM basis (497 vs. 359 g/d) than sows fed control 

diets.  Feeding DDGS-containing diets to sows tended to decrease (P = 0.06) moisture of 

excreted slurry compared with feeding control diets (85.8% vs. 88.8%).  Reproductive 

cycle affected DM and moisture of slurry (P < 0.05).  Sows at the first reproductive cycle 

excreted more DM of slurry and less moisture in slurry than sows at the third 

reproductive cycle.  Quantities of N, P, and K excreted per 3,800 L of slurry or per day 

were not different between control- and DDGS-fed sows (Table 3.13).  However, sows 

fed DDGS decreased (P < 0.05) N, P, and K outputs in slurry on a DM basis compared 

with sows fed control diets (N, 7.2% vs. 8.6%; P, 5.4% vs. 6.7%; K, 2.2% vs. 2.9%).  

Sows in their third reproductive cycle excreted less (P < 0.05) N per 3,800 L slurry (29.4 

vs. 39.9 kg) or daily (29.3 vs. 34.6 g) than those at the first reproductive cycle.  Sows at 
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the third reproductive cycle had a lower (P < 0.05) P excreted per 3,800 L slurry 

compared with sows at the first reproductive cycle (24.0 vs. 33.6 kg).  Potassium output 

per day tended to be lower (P = 0.08) in sows in their third reproductive cycle compared 

with sows at the first reproductive cycle (8.8 vs. 12.4 g).  Amounts of N, P, and K 

excreted on a slurry DM basis kept consistent across reproductive cycles.
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Table 3.12.  Effects of feeding diets containing distillers dried grains with solubles (DDGS) to sows for three reproductive cycles on 
DM digestibility, and quantity of manure output 

1Control = fortified corn-soybean meal diets. 
2DDGS = diets containing 40% DDGS in gestation and 20% in lactation. 
3As-collected basis.  

Item 

Control1 DDGS2 
Pooled SE 

P-value 

First Cycle Third Cycle First Cycle Third Cycle Diet Cycle Diet*Cycle 

No. of sows 9 10 10 11 
Gestation ADFI, kg 2.3 2.1 2.3 2.2 0.06 0.37 0.17 0.64 
DM digestibility, % 80.8 85.0 73.6 79.9 3.34 0.01 0.33 0.66 
Feces,3 g/d 642 480 870 640 93.12 <.01 0.23 0.59 
Dry feces, g/d 401 289 558 396 64.02 0.01 0.20 0.96 
Fecal moisture, % 37.6 41.3 36.1 39.6 1.47 0.24 0.17 0.93 
Urine, L/d 3.2 4.2 2.5 5.2 0.86 0.95 0.29 0.15 
Slurry3, L/d 3.7 4.4 3.2 5.8 0.90 0.38 0.64 0.17 
Dry slurry, g/d 415  303  576  418 32.40 <.01 <.01 0.48 
Slurry moisture, % 87.4 90.3  81.3 90.3 1.60 0.06 <.01 0.06 
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Table 3.13.  Effects of feeding diets containing distillers dried grains with solubles (DDGS) to sows for three reproductive cycles on 
slurry composition 

 1Control = fortified corn-soybean meal diets. 
2DDGS = diets containing 40% DDGS in gestation and 20% in lactation

Item 

Control1 DDGS2 
Pooled SE

P-value 

First Cycle Third Cycle First Cycle Third Cycle Diet Cycle Diet*Cycle

Nutrient concentration of slurry, kg/3,800 L: 
N 38.4 31.6 41.4 27.3 3.76 0.87 0.01 0.34 
P 32.0 24.8 35.2 23.3 4.23 0.84 0.03 0.58 
K 14.9 10.1 15.2 9.0 1.69 0.81 0.11 0.67 

Nutrient excreted daily as collected, g/d: 
N 34.1 27.2 35.1 31.4 2.18 0.25 0.02 0.46 
P 28.1 21.3 28.5 23.5 3.56 0.58 0.32 0.68 
K 12.6 8.5 12.3 9.1 0.92 0.85 0.08 0.53 

Nutrient excreted in DM of slurry, %: 
N 8.3 9.0 6.1 8.2 0.80 0.02 0.30 0.23 
P 6.8 6.6 5.0 5.7 0.37 <.01 0.54 0.23 
K 3.1 2.7 2.2 2.3 0.17 <.01 0.46 0.12 
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Sow Longevity 

Diet did not influence the proportion of sows that completed each successive 

reproductive cycle (Table 3.14).  Stall housing tended to increase (P = 0.06) the 

completion rate of sows at the second reproductive cycle (80.0% vs. 68.2%) compared 

with group housing.  Housing sows in stalls increased (P < 0.05) the completion rate of 

sows for 3 reproductive cycles compared with housing sows in group pens (68.9% vs. 

55.8%).   
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Table 3.14.  Interactive effects of distillers dried grains with solubles (DDGS) and housing system on percentage of sows completed 
for three reproductive cycles 

1Control = fortified corn-soybean meal diets. 
2DDGS = diets containing 40% DDGS in gestation and 20% in lactation. 
3Stall = sows housed in individual stalls. 
4Pen = sows housed in group pens with electronic sow feeder. 
5Initial breeding parity was used as a covariate in the statistical model. 
6Cumulative values. 

Item 
Control1   DDGS2 

 
P-value5 

  Stall3 Pen4   Stall      Pen Diet Housing 
No. of sows assigned  103 100 97 101 

% completed  1 reproductive cycle 86.4 90.0 90.7 89.1  0.56 0.32 
% completed 2 reproductive cycles6 80.6 67.0 79.4 69.3  0.54 0.06 
% completed  3 reproductive cycles6 71.8 56.0   66.0 55.5  0.94 0.03 
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Culling reasons for sows in each diet and housing combination are summarized in 

Table 3.15.  The reasons for culling sows were different (P < 0.05) across diets and 

housing systems.  Over 3 reproductive cycles, the greatest number of sows housed in 

group pens and fed DDGS were culled because they were anestrous longer than 21 d 

post-weaning.  Control-fed sows in group pens had the highest culling rate due to failure 

to conceive.  Six more control-fed and group-housed sows were culled because of 

lameness compared with control-fed and stall-housed sows.  However, incidence of 

lameness was equal for stall- or group-housed sows fed DDGS.  In comparison to sows 

fed control diets, a greater number of DDGS-fed sows were culled because they were 

anestrous longer than 21 d post-weaning (52 vs. 41).  However, feeding DDGS decreased 

the number of sows culled because they were failed to conceive after the second post-

weaning service compared with feeding control diets (16 vs. 21).  Compared with 

individual stalls, group housing resulted in more sows (51 vs. 42) that were anestrous 

longer than 21 d post-weaning and failed to conceive (24 vs. 13) after the second post-

weaning service.
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Table 3.15.  Culling reasons of sows throughout the study 
Control1 DDGS2 

Item Stall3 Pen4 Stall Pen 
Number of sows culled5,6 29 44 33 45 
Culling reasons 

Anestrous longer than 21 d post-weaning 21 20 21 31 
Failed to conceive after the second post-weaning service 6 15 7 9 
Lameness      

Lameness score of 3 (attempting to relieve limbs)  1 4 0 4 
Lameness score of 4 (reluctant to bear weight on limbs) 0 3 4 0 

Death      
Off feed 1 1 0 0 
Farrowing difficulty 0 1 1 0 
Heat stress 0 0 0 1 

1Control = fortified corn-soybean meal diets. 
2DDGS = diets containing 40% DDGS in gestation and 20% in lactation. 
3Stall = sows housed in individual stalls. 
4Pen = sows housed in group pens with electronic sow feeder. 
5Cumulative values for 3 reproductive cycles. 
6Control vs. DDGS: P < 0.05 for Chi Square (Ӽ2) = 2.108; Stall vs. Pen: P < 0.05 for Ӽ2 = 5.053. 
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Effects of diet on total piglets produced during the study differed depending on 

housing system (Table 3.16).  For sows fed control diets, total piglets born, born alive, 

and weaned decreased if sows were housed in group pens during gestation compared to 

sows housed in stalls.  However, when sows received diets containing DDGS, total 

piglets born, total piglets born alive, and total piglets weaned were not different between 

the 2 housing systems.  In general, feeding DDGS to sows tended to decrease total 

number of piglets born over three reproductive cycles (P = 0.09; 27.9 vs. 28.9) and total 

number of pigs weaned (P = 0.10; 23.7 vs. 24.5) compared to feeding control diets.  Sows 

fed DDGS-containing diets had smaller (P < 0.05) total number of piglets born alive over 

three reproductive cycles (26.2 vs. 27.4) compared to sows fed control diets.  Sows 

housed in stalls farrowed more (P < 0.05) total piglets (30.1 vs. 26.7), more live piglets 

(28.4 vs. 25.2), and weaned more piglets (25.2 vs. 23.1) compared with sows housed in 

group pens over three reproductive cycles.
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Table 3.16.  Interactive effects of distillers dried grains with solubles (DDGS) and housing system on total number of piglets born, 
born alive, and weaned for three reproductive cycles1 

1Initial breeding parity was used as a covariate in the statistical model. 
2Control = fortified corn-soybean meal diets. 
3DDGS = diets containing 40% DDGS in gestation and 20% in lactation. 
4Stall = sows housed in individual stalls. 
5Pen = sows housed in group pens with electronic sow feeder.

Item 
Control2   DDGS3 

Pooled SE 
P-value 

Stall4 Pen5   Stall Pen Diet Housing Diet*Housing 
Total no. of piglets          

Born 31.6 26.2  28.6 27.1 0.53 0.09 <.01 <.01 
Born alive 30.0 24.7 26.7 25.6 0.52 0.03 <.01 <.01 
Weaned 26.1 22.9 24.2 23.2 0.49 0.10 <.01 0.03 
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Discussion 

Sow and Litter Performance 

Dietary Effects 

In the current study, we did not find any difference in gestation BW gain between 

dietary treatments.  But we found that DDGS-fed sows lost more BW during lactation at 

the second reproductive cycle.  At weaning of the first litter, DDGS-fed sows were 4 kg 

lighter than control-fed sows (Table 3.8).  This difference grew to 8 kg at weaning in the 

second reproductive cycle.  By the third reproductive cycle, this difference seemed to 

stabilize as the difference in sow BW was 7 kg.  These observations might suggest that 

younger sows were less able to extract energy and nutrients from the DDGS compared 

with older sows.  But, as the sows aged their digestive capabilities increased such that the 

difference in weight was maintained rather than continued to increase, and gestation 

gains in BW were similar between DDGS- and control-fed sows.  Renteria-Flores et al. 

(2008a) previously has documented higher nutrient digestibility of high-fiber diets in old 

sows compared with young sows.  In agreement with the current study, Wilson et al. 

(2003) fed sows diets containing DDGS in gestation and lactation for 2 reproductive 

cycles and reported similar gestation weight gains between sows fed DDGS compared to 

those fed a corn-soybean meal control diet.  Song et al. (2010) and Greiner et al. (2008) 

reported sows fed DDGS during lactation had similar BW change compared with those 

fed corn-soybean meal diets.   

We theorized that long-term dietary inclusion of DDGS, due to its high-fiber 

content, would increase litter size at birth based on the previous finding of Wilson et al. 

(2003).  However, although the total number of piglets born per litter was not affected by 
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dietary DDGS in this experiment, the number of live born pigs was reduced due to a 

higher stillbirth rate in DDGS-fed sows.  Therefore, our results are contrary to those 

reported by Wilson et al. (2003), who found that sows fed DDGS in gestation had a 

marginal increase in number of piglets born alive per litter for the second but not the first 

parity.  In the current study when sows received DDGS in both gestation and lactation, 

litter size at weaning was decreased compared to a corn-soybean meal based diet.  Wilson 

et al. (2003) used about 25 or less sows per dietary treatment when she reported an 

increase in litter size due to DDGS feeding.  However, in the current study, we observed 

over 200 litters per diet which provided greater confidence in our results.  

Offering sows fibrous diets has produced inconsistent responses in litter size due 

to variable supplementation periods, relatively few sows studied, and differing types of 

dietary fiber (Vestergaard and Danielsen, 1998; Holt et al., 2006; Reese et al., 2008).  

Several studies have suggested that long-term feeding of high-fiber diets increases litter 

size (van der Peet-Schwering et al., 2003; Veum et al., 2009).  The mechanisms 

underlying the effect of high-fiber diets on litter size have not been elucidated.  However, 

possible reasons for increased litter size might be that sows fed high-fiber diets had 

improved appetite during lactation due to increased secretion of leptin in circulating 

blood (Quesnel et al., 2009) or enlarged digestive capacity (Vestergaard and Danielsen, 

1998).  Enhanced appetite may result in a lower negative energy balance during lactation, 

and eventually lead to an increased litter size in subsequent parities (van der Peet-

Schwering et al., 2003).  Similar feed intake and BW changes during lactation between 

control- and DDGS-fed sows indicate that the magnitude of negative energy balance 

during lactation was not affected by feeding DDGS.   
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Ovulation rate and embryo mortality are two decisive indicators for litter size at 

farrowing (Cox, 1997; Jindal et al., 1997).  Renteria-Flores et al. (2008b) evaluated the 

effects of types of dietary fiber (soluble and insoluble) on ovulation rate and embryo 

survival.  Renteria-Flores et al. (2008b) did not observe any differences in ovulation rate 

when gilts were fed a 12% wheat straw diet (1% soluble fiber; 18% insoluble fiber) 

compared with gilts were fed a 30% oat bran diet (3% soluble fiber; 10% insoluble fiber) 

or a corn-soybean meal control diet (1% soluble fiber; 10% insoluble fiber) from d 2 after 

breeding to d 109 of gestation.  However, Renteria-Flores et al. (2008b) found that gilts 

fed the diet containing high insoluble fiber had lower number of live embryos compared 

to gilts fed the control diet or the diet containing high soluble fiber.  Distillers dried 

grains with solubles contains about 35% insoluble fiber and 6% soluble fiber (Stein and 

Shurson, 2009).  Consumption of soluble fiber can slow glucose absorption in the small 

intestine due to delayed gastric emptying compared to diets containing highly insoluble 

fiber (Jenkins and Jenkins, 1985).  Increasing insulin secretion after consumption of 

soluble fiber containing diets prior to estrus increased ovulation rate in gilts (Beltranena 

et al., 1991a,b).  However, if sows consumed diets containing high insoluble fiber, such 

as DDGS in the present study, positive response in ovulation rate may not be observed.  

In the current study, the unchanged total number of piglets born per litter produced from 

sows fed diets containing DDGS with high insoluble and soluble fiber content indicates 

that ovulation rate and embryo survival might not be affected or ovulation rate might be 

increased and embryo survival might be decreased by including DDGS in sow diets.   

The reduced number of piglets born alive and increased number of piglets born 

dead per litter resulting from feeding DDGS in this study suggest that DDGS may 



 

 

119 

negatively affect fetal survival during late gestation or during parturition.  Reasons for 

this negative effect on stillborn pigs in DDGS treatment are not known.  However, Li et 

al. (unpublished) suggested that feeding DDGS containing oxidized oil may cause an 

oxidative stress to sows in late gestation and inhibit placental development.  The period 

from d 100 to 112 of gestation is critical in that this is a period wherein fetuses grow 

rapidly and placental surface area increases exponentially (Knight et al., 1977; Biensen et 

al., 1998).  Inefficiency of transferring nutrients and oxygen to fetuses through placentae 

during late gestation may cause death or low viability of fetuses before farrowing.  

However, to explore reasons of stillbirth caused by feeding DDGS, future studies need to 

be developed to investigate the physiological changes and placental development of sows 

during late gestation. 

Within 24 h of birth, piglets were cross-fostered to keep litter size similar (about 

10) within dietary treatment and housing system.  Because litter size after cross-fostering 

was lower for DDGS-fed sows and pre-weaning mortality was not affected by dietary 

treatment, litter size at weaning was significantly lower by about 0.4 piglets than for sows 

fed control diets.  Wilson et al. (2003) and Song et al. (2010) also reported that dietary 

DDGS fed to sows during lactation did not influence pre-weaning mortality of piglets.  

Dietary DDGS reduced litter weight gain compared to control, which was likely due to 

the lower litter size weaned for DDGS-fed sows.  After using the number of pigs weaned 

to adjust the mean of litter weight gain, litters nursing DDGS-fed sows gained similar 

weight during lactation compared with litters nursing control-fed sows (48.7 vs. 49.3 kg).  

Litter weight gain for sows fed DDGS in each reproductive cycle was similar compared 

with contemporary sows fed control diets after using the number of pigs weaned as a 
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covariate.  This finding is further supported by the observation that ADFI of sows during 

lactation was not different between DDGS- and control-fed sows during any reproductive 

cycle.  Wilson et al. (2003) and Greiner et al. (2008) also reported no differences in 

voluntary feed intake of lactating sows when comparing corn-soybean meal based diets to 

similar diets containing DDGS.  In contrast, Song et al. (2010) reported a positive 

relationship between DDGS-containing diets and voluntary feed intake of lactating sows.   

Housing Effects 

One of the major findings in this study is that sows housed in group pens 

farrowed 0.5 fewer piglets born alive per litter, but the total number of piglets born and 

the number of pigs born dead per litter were not affected compared with sows housed in 

stalls (Table 3.11).  Inconsistent results regarding the relationship between litter size at 

birth and gestation housing systems have been reported previously.  In agreement with 

our findings, den Hartog et al. (1993) and Barbari (2000) found that sows housed in 

group pens farrowed fewer liveborn piglets per litter than those housed in stalls.  Estienne 

and Harper (2010) reported a smaller number of piglets born alive per litter for sows kept 

in stalls throughout gestation or the first 30 d post-mating compared with sows housed in 

group pens throughout pregnancy.  Cronin et al. (1996) found that the number of stillborn 

piglets per litter was not different between sows housed in stalls and in group pens.  

However, several studies suggested that the number of piglets born alive per litter was 

not different between stall- and group-housed sows (Backus et al., 1997; Peltoniemi et 

al., 1999).  Bates et al. (2003) indicated that sows kept in stalls produced a similar 

number of piglets born alive per litter, but greater number of piglets born dead per litter 

compared with sows kept in group pens.   
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Litter weight gain and piglet ADG were interactively affected by diet and housing 

system (Table 3.7).  Litters from sows fed DDGS and housed in group pens gained less 

weight during lactation than litters from sows fed DDGS housed in stalls.  This difference 

between gestation housing was not apparent for litters nursing control-fed sows.  To our 

knowledge, this is the first study to investigate the interactive effects of DDGS and 

housing system on litter performance.  The reduction of litter weight gain in group pen 

housing compared to stall housing likely is due to the lower litter size weaned for pen-

housed sows.  After using the number of pigs weaned to adjust the mean of litter weight 

gain, litters nursing stall-housed sows gained the same weight during lactation compared 

with litters nursing pen-housed sows (49.0 vs. 49.0 kg).  The mechanisms responsible for 

reductions of piglet growth rate in litters from DDGS-fed sows in pens could involve 

behavioral components.  Li et al. (unpublished) found that sows fed DDGS and housed in 

group pens were more aggressive than sows fed DDGS and housed in individual stalls.  

The reason group-housed sows fed DDGS were more aggressive awaits further 

evaluation.  However, the increasing aggressive behaviors of sows during gestation may 

continue to be present during lactation, especially when sows experience the change from 

gestating pens to farrowing stalls (Boyle et al., 2002).  Thus, sows housed in group pens 

and fed DDGS during gestation may exhibit greater difficulty adapting to farrowing stalls.  

Boyle et al. (2000, 2002) suggested that sows kept in group pens during gestation were 

more restless during parturition and early lactation compared with sows kept in stalls 

during gestation.  This uncomfortable experience could result in incomplete nursing bouts 

and reduced milk consumption due to the restriction of piglets’ access to udders 



 

 

122 

(Whatson and Bertram, 1980).  The reduction of milk consumption could lead to poor 

performance of piglets from group-housed, DDGS-fed sows in this study. 

Manure Production and Composition 

Sows fed DDGS had 6% lower DM digestibility than sows fed control diets.  This 

reduction in DM digestibility was likely due to the higher fiber content of DDGS (Stein 

and Shurson, 2009).  Distillers dried grains with solubles contains about 35% insoluble 

fiber and 6.0% soluble fiber (Stein and Shurson, 2009).  Dietary fiber can decrease 

nutrient digestibility through increasing the passage rate of digesta in the small intestine 

(Kass et al., 1980; Kim et al., 2007).  Stein and Shurson (2009) reported a lower apparent 

total tract digestibility of dietary fiber in DDGS fed to growing pigs.  This relatively 

lower nutrient digestibility can increase excretion of indigestible nutrients in pigs (Just, 

1982).  In the current study, fecal output was increased as expected when feeding DDGS 

to sows.  Xu et al. (2006b) also reported that nursery pigs fed a diet containing 20% 

DDGS increased daily fecal output by 30% and decreased DM digestibility by 5.1% 

compared with pigs fed a corn-soybean meal control diet.  Therefore, an increase in 

slurry volume might be expected when DDGS is included in diets because of the increase 

in fecal excretion.  However, slurry volume was not statistically different between dietary 

treatments.  The similarity in slurry output between dietary treatments might be due to the 

ratio of excreted urine to feces.  The average urine to feces ratio for control-fed sows 

compared with DDGS-fed sows was 6.6 vs. 5.1.  The great volume of urine relative to 

feces indicates that gestating sows possibly drank more water because they were hungry 

with the restricted feeding level during gestation (Meunier-Salaün et al., 2001).  Thus, the 

volume of urine occupied a higher proportion of the excreted volume of slurry.  
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Unchanged urinary volume excreted by sows fed either diet in the current study could 

result in a similar volume of slurry produced between dietary treatments. 

We hypothesized that the high level of CP in DDGS would increase the excretion 

of N in slurry (Jha et al., 2011).  In the present study, analyzed concentrations of CP in 

DDGS and control diets were kept consistent in lactation but not in gestation (Table 3.1).  

The concentration of CP in DDGS diets for gestation was 1.3% lower than that in control 

diets.  Similar ADFI of sows fed DDGS and control diets during gestation and lactation 

indicate DDGS-fed sows consumed less N on a daily basis than control-fed sows.   The 

low daily intake of N likely explains the reduction in N excreted in slurry on a DM basis.    

No studies have reported effects of feeding DDGS to sows on N excretion in manure.  In 

growing-finishing pigs, Gralapp et al. (2002) did not find any difference in the total N 

concentration of manure when DDGS was included in diets up to 20%.  Several studies 

have demonstrated that pigs fed DDGS-containing diets excreted more fecal N compared 

with pigs fed control diets (Spiehs et al., 2000; Dahlen et al., 2011; Jha and Leterme, 

2012).  However, the total N output in excreted slurry (feces + urine) was not evaluated 

in these studies.   

Distillers dried grains with solubles contains more bioavailable P due to the 

destruction of phytate during fermentation compared with corn (Burnell et al., 1989).  

The relative bioavailability of P in DDGS is about 70 to 90% of the bioavailability of P in 

dicalcium phosphate (Whitney and Shurson, 2001).  This relatively high level of 

bioavailable P in DDGS suggests that pigs fed DDGS-containing diets would excrete less 

P in slurry if formulated on an available P basis.  In the present study, P concentrations in 

dried slurry were lower for sows fed DDGS-containing diets compared with sows fed 
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control diets. However, feeding DDGS had no effect on daily P excretion on P 

concentration in slurry as collected.  We formulated diets based on available P and 

maintained a Ca-to-available P ratio between 2:1 and 3:1 (Table 3.1) as recommended by 

NRC (1998).  Consistent available P concentrations in diets and similar ADFI during 

gestation and lactation suggest that P intakes of pigs were not different between dietary 

treatments.  Similar P consumption and lower P excretion in dried slurry confirm that 

bioavailability of P in DDGS is higher than corn.  Several studies have investigated the 

effect of feeding DDGS to pigs on P excretion but only one investigated effects in sows.  

Hill et al. (2008b) found a reduction in fecal P concentration of lactating sows fed 

DDGS-containing diets compared with those fed a corn-soybean meal control diet.  Hill 

et al. (2008b) did not assess the concentration of P in daily feces and slurry (feces + urine) 

generated by sows fed DDGS or control diets.  Xu et al. (2006b) reported that adding 20% 

DDGS to nursery diets reduced daily fecal and urinary P excretion compared to pigs fed 

the corn-soybean meal control diet.  However, Gralapp et al. (2002) found that feeding 20% 

DDGS did not change the amount of P excreted in slurry of finishing pigs.  These 

inconsistent results suggest that pigs at different ages have varying capabilities to use P in 

DDGS-containing diets.  In addition, the accuracy of estimating the concentration of 

available P during diet formulation could be a factor contributing to these inconsistent 

results. 

The experiment reported here is the first study to consider effects of dietary 

DDGS on excretion of K, which is the third important nutrient for crop growth.   Like N 

and P, sows fed DDGS-containing diets excreted a lower concentration of K in dried 

slurry but had similar daily K output and concentration of K in slurry as collected 
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compared with sows fed control diets.  We also found that older sows produced less N, P, 

and K in slurry than younger sows.  The low output of N, P, and K from older sows may 

be due to older sows having greater nutrient digestibility than young sows (Renteria-

Flores et al., 2008a).   

Therefore, feeding DDGS-containing diets to reproducing sows during gestation 

and lactation did not affect the production and composition of slurry as collected.  The 

unchanged volume and nutrient concentrations of slurry excreted by DDGS-fed sows 

eliminates the need to increase manure storage capacity or change manure application 

rates to cropland.  

Sow Longevity 

Generally, sow longevity is defined as length of productive life, which can be 

represented by a large number of different measures (Stalder et al., 2004).  These 

measurements include herd life defined as the time from first farrowing to culling (Tarrés 

et al., 2006); lifetime prolificacy defined as the number of pigs produced during the 

productive lifetime (Serenius and Stalder, 2004, 2006); stayability defined as probability 

of a sow producing 40 pigs or reaching 4 parities (Hoge and Bates, 2011); and lifespan 

defined as the number of parities a sow has accumulated before culling (D'Allaire et al., 

1992).  Among them, culling rate is the most direct parameter to assess sow longevity 

(Lucia et al., 2000).  In the current study, we used the survival rate (100% - culling rate) 

of sows in the herd to evaluate interactive effects of dietary DDGS and gestation housing 

system on sow longevity.  Sows were only culled when they failed to become pregnant 

after the second post-weaning service, had a wean-to-estrus interval longer than 21 d, or 

exhibited lameness scores of 3 or 4.  The number of culled sows fed DDGS-containing 
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diets throughout the study was not different compared with the number of culled sows fed 

control diets (78 vs. 73; Table 3.15).  The primary reasons for culling sows in this study 

were anestrous longer than 21 d post-weaning (DDGS, 52; Control, 41) and failure to 

conceive after the second post-weaning service (DDGS, n = 16; Control, n = 21).  There 

were only 8 sows per diet culled due to lameness.   

To our knowledge, this is the first study to report effects of dietary DDGS on sow 

longevity and lifetime productivity.  Results from this experiment indicate that feeding 

DDGS diets had no effects on sow longevity over 3 reproductive cycles.  However, sow 

productivity over the entire experiment was influenced by diet and housing system.  

Feeding DDGS decreased the total number of piglets born (27.4 vs. 28.9), born alive 

(26.2 vs. 27.4), and weaned (23.7 vs. 24.5) compared to feeding control diets.  This 

reduction in lifetime production of piglets occurred primarily because sows fed DDGS-

containing diets farrowed 0.4, 0.6, and 0.6 fewer live piglets at the first, second, and third 

cycles, respectively.  Our results suggest that sows fed DDGS exhibit decreased sow 

productivity over the three parities studied.  Different from the dietary effect, housing 

sows in group pens during gestation decreased sow longevity.  Svendsen et al. (1975) 

reported that stall housing decreased sow culling rate compared with group housing.  

Similarly, den Hartog et al. (1993) demonstrated sows in stalls had a lower replacement 

rate than those in group pens (43.0% vs. 55.6%).  Anil et al. (2005) also indicated that the 

proportion of sows culled from the herd was greater in group pens compared with 

individual stalls, and lameness was the main culling reason for both housing.  Injuries due 

to competition at feeding and aggression at mixing among group-housed sows may 

shorten their longevity compared with stall-housed sows (Anil et al., 2005).    Housing 
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system affected the number of piglets produced in the current study, with fewer piglets 

born, born alive, and weaned from the group housing system compared with individual 

stalls.  The effects of reduced pig production in group gestation housing compared with 

stall housing were more noticeable when sows consumed control diets.  However, 

DDGS-fed sows produced a similar number of pigs between stall and group pen housing.  

An explanation for this interaction awaits further investigation.   

Summary 

Litters from DDGS-fed and group-housed sows gained the least weight among 

diet and housing combinations.  Feeding diets containing 40% DDGS in gestation and 20% 

DDGS in lactation decreased litter size at birth and weaning.  Sows housed in group pens 

with electronic sow feeders during gestation produced fewer live piglets than sows in 

individual stalls.  Litters nursing group-housed sows gain less weight during lactation 

than litters nursing stall-housed sows.  Feeding DDGS-containing diets to sows during 

gestation and lactation increased fecal output and decreased N, P, and K in slurry on a 

DM basis.  However, feeding DDGS-containing diets did not affect total slurry 

production and composition as collected.  Diet and housing did not interactively affect 

sow longevity.  Stall housing increased the completion rate of sows at the second and 

third reproductive cycles.  Sows fed DDGS-containing diets produced fewer pigs at birth 

and weaning over 3 reproductive cycles compared with sows fed control diets.  Sows 

housed in individual stalls produced more piglets at birth and weaning during the studied 

period compared with sows housed in group pens.   

In conclusion, long-term feeding of DDGS decreases litter size and sow 

productivity, but does not affect sow longevity, slurry output, and slurry composition.  
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Long-term housing of sows in group pens decreases litter size, sow longevity, and sow 

productivity.  Housing sows in individual stalls compromises litter performance when 

feeding DDGS.  

 
 
 
 
 



 

 

129 
 

 

Chapter 4 

 

Effects of feeding low or high peroxidized distillers dried grains with solubles to 

sows and their progeny on reproductive performance of sows, and birth weight 

variation, growth performance, and carcass characteristics of progeny 

 

Abstract 

An experiment was conducted to evaluate the effects of feeding sows (gestation = 

40%; lactation = 20%) and progeny (nursery and growing-finishing = 30%) distillers 

dried grains with solubles (DDGS) containing low or high oxidized lipid on sow 

performance, and birth weight variation, growth performance, and carcass characteristics 

of progeny.  Mixed parity sows (n = 48; mean parity = 3.2) were assigned to 1 of 3 

dietary treatments.  Sows were fed either corn-soybean meal control diets (CON), or 

diets containing low or high oxidized DDGS (LOD or HOD).  Individual birth weight of 

newborns pre-suckling were sorted into 2 classifications: 1) Small (≤ one standard 

deviation below the average birth weight of the litter), Large (≥ one standard deviation 

above the average birth weight of the litter), and Normal (not classified as Small or 

Large); 2) Low (≤ 1.0 kg), Medium (> 1.0 kg and < 1.6 kg), and High (≥ 1.6 kg).  Two 

to three live born pigs were selected from Small or Large groups and fed diets containing 

the same DDGS as their dams from weaning to marketing.  Litter size and weight were 

not affected by diet.  Sows fed HOD tended to farrow a greater (P < 0.10) number, but a 

lower weight of dead born pigs per litter than sows fed CON.  Litters from sows fed LOD 

or HOD gained less (P < 0.05) weight than sows fed CON.  Within-litter variation in 
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birth weight of total pigs born to HOD-fed sows tended to be greater (P = 0.05) than that 

of pigs born to LOD- or CON-fed sows.  Diet did not affect the number of Small, Normal, 

or Large total born, live born, or dead born pigs per litter.  Feeding HOD to sows 

decreased (P < 0.05) Medium pigs in total born litter size, tended to decrease (P = 0.09) 

Low pigs in live born litter size, and increased (P < 0.05) Low pigs in dead born litter 

size compared with feeding LOD or CON.  Diet had no effect on plasma 

malondialdehyde (MDA) concentrations of sows within 24 h after farrowing and 

newborns before suckling.  Small pigs within LOD or HOD treatments tended to have 

greater (P = 0.05) levels of plasma MDA at birth than Large pigs.  Feeding LOD or HOD 

increased (P < 0.05) concentrations of plasma His, Lys, and Gly in pre-suckling 

newborns.  Pigs fed LOD or HOD had lighter (P < 0.05) final BW than pigs fed CON.  

Pigs fed HOD displayed ADG similar to pigs fed CON through the first 4 phases of 

growth, but experienced slower (P < 0.05) growth in the finishing period.  However, diet 

did not affect overall ADG of pigs.  Diet did not affect ADFI of pigs during the first 3 

phases, but pigs fed LOD had lower ADFI than pigs fed HOD or CON at later finishing 

periods and from weaning to harvest.  Pigs fed LOD or HOD exhibited improved (P < 

0.05) G:F compared with pigs fed CON during phase I and throughout the study.  Large 

pigs fed HOD had greater (P < 0.05) ADG and ADFI but with no difference in G:F 

compared with Small pigs fed the same diet.  Feeding LOD or HOD to pigs decreased (P 

< 0.05) HCW compared with feeding CON.  Diet had no effect on dressing percentage 

and fat-free lean percentage.  Feeding HOD decreased (P < 0.05) backfat depth and loin 

eye area at the 10th rib compared with feeding CON.  Small pigs fed LOD or CON had 

lighter (P < 0.05) HCW than Large pigs fed the same diet.  In conclusion, feeding HOD 
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to sows causes an oxidative stress at late gestation as indicated by the increased number 

of dead pigs.  Feeding HOD increases within-litter variation in piglet birth weight and 

compromises carcass characteristics of finishing pigs, but does not affect the number of 

low birth weight pigs born in total litter size and post-weaning growth.  Small pigs 

exhibits elevated MDA concentration, slower growth rate, and lighter carcass weight 

compared with Large pigs within dietary treatment. 

Key words: Oxidized DDGS, sow performance, birth weight variation, growth 

performance, carcass quality, swine 
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Introduction 

Distillers dried grains with solubles (DDGS) contains about 10% corn oil (Stein 

and Shurson, 2009).  This high percentage of corn oil in DDGS indicates that inclusion of 

40% DDGS in diets would be equivalent to adding 4% oil.  Corn oil contains 85% 

unsaturated fatty acids, including 55% ω6-PUFA (linoleic acid) and 30% 

monounsaturated fatty acids (NRC, 1998).  Unsaturated fatty acids can be easily oxidized 

under high temperature conditions (Marnett, 1999) and may be oxidized during drying of 

DDGS.  Shurson and Csallany (unpublished) found that concentrations of secondary lipid 

peroxidation products in dark colored DDGS were higher than those in light colored 

DDGS  Color is highly correlated with lipid peroxidation in DDGS (Song et al., 2011).  

Song et al. (2011) evaluated the oxidation level in 31 DDGS samples from various 

manufacturers and found darker colored DDGS contains a higher level of MDA 

concentration compared with light colored DDGS.  Shurson and Csallany (unpublished) 

also found contents of total polar aldehydes and total non-polar aldehydes in dark colored 

DDGS were 40.0% and 12.5% higher, respectively, than those in light colored DDGS. 4-

Hydroxy-2-trans-nonenal (HNE), one of the highly reactive and toxic aldehydes 

produced during lipid peroxidation, can inhibit nitric oxide (NO) production in cultured 

cells (Romero et al., 1997; Hattori et al., 2001).  This inhibition of NO may cause 

intrauterine growth retardation (IUGR) by adversely affecting utero-placental blood flow 

(Wu et al., 2004).   

Piglets with birth weight of 1 kg or less are commonly known as runt pigs at birth.  

Runt pigs become a burden to the pig industry due to their lower survival rate (Milligan 

et al., 2002), slower growth rate (Quiniou et al., 2002), and increased carcass fatness 
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(Gondret et al., 2006) compared with piglets of heavy or normal birth weight.  

Consumption of thermally oxidized oil can cause oxidative stress to fetuses (Myatt and 

Cui, 2004; Suomela et al., 2005) and reduce antioxidant status of newborns (Izaki et al., 

1984; Kumar et al., 2008).  Brandsch and Eder (2004) fed thermally-oxidized sunflower 

oil and linseed oil with 50% PUFA to pregnant rats for 14-wk and found that oxidized oil 

decreased triacylglycerol concentration in milk and increased malondialdehyde (MDA) 

concentration in progeny livers.  Pups from dams fed thermally-oxidized oil had lighter 

birth weight, lower postnatal weight gain, and more carcass fat than pups from dams fed 

fresh oil.  However, to our knowledge, there are no data on effects of maternal feeding of 

DDGS with oxidized fat on performance of swine progeny.   

Therefore, our hypothesis is that feeding DDGS with a high amount of secondary 

lipid peroxidation products to sows increases the incidence of low birth weight piglets, 

decreases the antioxidant status of piglets after birth, and compromises postnatal 

performance and carcass quality of progeny. 

Materials and Methods 

The experimental protocol used in this study was approved by the Institutional 

Animal Care and Use Committee of the University of Minnesota.  

Animals and Treatments 

The first portion of this experiment was conducted at the University of 

Minnesota’s Southern Research and Outreach Center (SROC), Swine Research Facility, 

in Waseca, MN.  Mixed parity sows (n = 48; mean parity = 3.2; genetics = English Belle, 

Winnipeg, Manitoba, Canada) were assigned to 1 of 3 experimental treatments in a 

completely randomized design.  Dietary treatments included control diets (CON), and 
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diets containing low oxidized DDGS (LOD; 1.6 ng MDA equivalent/mg oil) or high 

oxidized DDGS (HOD; 5.2 ng MDA equivalent/mg oil).  Control diets in gestation and 

lactation were composed of corn and soybean meal fortified with vitamins and minerals.  

Sows were fed diets containing oxidized DDGS (LOD or HOD) at 40% in gestation and 

20% in lactation (Table 4.1).  Sows were separated into 2 farrowing groups with 26 sows 

in the first group (CON, n = 8; LOD, n = 9; HOD, n = 9) and 22 sows in the second group 

(CON, n = 9; LOD, n = 6; HOD, n = 7).  The experiment began on the day pigs were 

weaned and lasted for one reproductive cycle.  However, sows were offered their 

assigned diets during an adaptation period before the experiment commenced.  The 

adaptation period began at parturition and ended at weaning for the litter immediately 

before the experimental period.  At parturition, 2 to 3 small and 2 to 3 large piglets were 

selected for sampling and further evaluation.  Birth weight of small piglets was one 

standard deviation or greater below the average birth weight of the litter (Small), while 

birth weight of large piglets was one standard deviation or greater above the the average 

birth weight of the litter (Large).
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Table 4.1.  As-fed composition and nutrient content of sow diets containing low or high 
oxidized distillers dried grains with solubles (DDGS) in gestation and lactation 

Item 
Gestation1 Lactation1 

CON LOD HOD CON LOD HOD
Ingredients, %             

Corn 74.45 54.35 54.05 61.55 51.90 53.80
DDGS 0.00 40.00 40.00 0.00 20.00 20.00
Soybean meal (46.5%) 18.80 0.00 0.00 30.00 20.00 18.00
Choice white grease 2.00 0.50 1.00 3.70 3.00 3.00
Dicalcium phosphate 1.90 0.80 0.50 2.40 1.90 1.70
Limestone 1.40 2.30 2.55 1.30 1.80 1.95
Salt 0.35 0.35 0.35 0.35 0.35 0.35
Vitamin-mineral premix2        0.50 0.50 0.50 0.50 0.50 0.50
Biotin premix 0.20 0.20 0.20 0.20 0.20 0.20
Choline chloride (50%) 0.10 0.20 0.20 0.00 0.10 0.10
L-Lysine-HCL (78%) 0.00 0.40 0.40 0.00 0.20 0.30
L-Tryptophan (98%) 0.05 0.10 0.10 0.00 0.05 0.05
L-Threonine (98.5%) 0.15 0.20 0.15 0.00 0.00 0.05
DL-Methionine (99%) 0.10 0.10 0.00 0.00 0.00 0.00

Analyzed nutrient content:   
ME,3 Kcal/kg 3,341 3,351 3,351 3,413 3,417 3,399
CP, %   16.20 14.90 15.70 18.90 18.33 18.06
ADF, % 2.54 4.85 5.23 3.11 4.03 4.61
Crude fat, % 4.83 6.76 5.60 6.64 7.24 5.70
Available P,3 % 0.41 0.43 0.44 0.52 0.53 0.53
Total Ca, % 1.18 1.20 1.05 1.06 1.22 1.16
Vitamin E,4 IU/kg      66      66      66      66      66 66 
Total Se, ppm 0.40 0.34 0.34 0.42 0.39 0.39
SID Lys,5 % 0.65 0.66 0.66 0.94 0.92 0.95
SID Met + Cys,5 % 0.53 0.54 0.56 0.52 0.52 0.56
SID Thr,5 % 0.58 0.58 0.59 0.58 0.55 0.60
SID Trp,5 % 0.19 0.18 0.18 0.21 0.22 0.21
1CON = fortified corn-soybean meal diet; LOD = CON containing low oxidized 
DDGS; HOD = CON containing high oxidized DDGS. 
2Supplied the following per kilogram of diet: vitamin A, 12,114 IU; vitamin D, 2,753 
IU; vitamin E, 66 IU; vitamin K, 4.4 mg; thiamine, 1 mg; riboflavin, 10 mg; niacin, 55 
mg; pantothenic acid, 33 mg; pyridoxine, 2.2 mg; folic acid, 1.6 mg; vitamin B12, 0.06 
mg; I, 0.5 mg from ethylenediamine dihydriodide; Se, 0.3 mg from sodium selenite; 
choline, 548 mg from choline chloride; and metal polysaccharide complexes of zinc 
sulfate (125 mg of Zn), iron sulfate (125 mg of Fe), manganese sulfate (40 mg of Mn), 
and copper sulfate (15 mg of Cu). 
3Values were calculated according to the NRC (1998) for all ingredients. 
4Supplemental α-tocopheryl acetate. 
5Average values from 14 DDGS manufacturers used to calculate concentration of SID 
AA in final diets (University of Minnesota, 2008); for other ingredients, SID AA 
concentrations were based on NRC (1998). 
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In the second portion of this experiment, 182 mixed sex weanling piglets (88 

piglets from the first farrowing group and 94 from the second farrowing group) were 

transferred to the University of Minnesota’s West Central Research and Outreach Center 

(WCROC) in Morris, MN.  Pigs were allotted to 1 of 6 treatments (3 dietary treatments 

with 2 birth weight groups nested in each dietary treatment).  Each pen housed 8 pigs and 

there were 4 pens per treatment.  Pigs were assigned to diets that contained the same 

sources of DDGS as their dams consumed.  Diets for nursery and growing-finishing pigs 

were separated into 7 phases including: Phase I, weaning through wk 2 post-weaning 

(Table 4.2); Phase II, wk 3 and 4 post-weaning (Table 4.3); Phase III, wk 5 post-weaning 

to 25 kg BW (Table 4.4); Phase IV, 25 to 45 kg BW (Table 4.5); Phase V, 45 to 70 kg 

BW (Table 4.6); Phase VI, 70 to 90 kg BW (Table 4.7); Phase VII, 90 to 114 kg BW 

(Table 4.8).
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Table 4.2.  As-fed composition and nutrient content of phase I nursery diets containing 
low or high oxidized distillers dried grains with solubles (DDGS; weaning through wk 2 
post-weaning) 

Item 
Dietary treatment1 

CON LOD HOD
Ingredients, % 

Corn 47.87 23.41 26.01
DDGS 0.00 30.00 30.00
Soybean meal (46.5%) 20.00 15.00 12.50
Fish meal (menhaden) 8.00 8.00 8.00
Whey powder 20.00 20.00 20.00
Limestone 0.50 0.90 1.00
Monocalcium phosphate 1.00 0.20 0.00
Salt 0.25 0.25 0.25
L-Lysine-HCL (78%) 0.40 0.40 0.46
DL-Methionine (99%) 0.20 0.13 0.06
L-Tryptophan (98%) 0.05 0.05 0.07
L-Threonine (98.5%) 0.20 0.13 0.12
Vitamin-mineral premix2 0.50 0.50 0.50
Vitamin E premix (44,092 IU/kg)          0.15 0.15 0.15
Tiamulin (22 g/kg) 0.18 0.18 0.18
Chlortetracycline (110 g/kg) 0.40 0.40 0.40
Zinc Oxide 0.30 0.30 0.30

Nutrient content (calculated):
ME3, kcal/kg    3,249  3,311 3,316 
CP3, % 20.68 24.22 24.50 
ADF3, % 2.62 6.09 5.49 
Crude fat3, % 3.40 5.63 4.97 
Available P3, % 0.63 0.64 0.64 
Total Ca3, % 1.01 1.01 1.01 
Vitamin E3,4, IU/kg    66     66    66 
Total Se3, mg/kg 0.30 0.30 0.30 
SID Lys5, % 1.46 1.46 1.46 
SID Met + Cys5, % 0.83 0.84 0.84 
SID Thr5, % 0.92 0.92 0.92 
SID Trp5, % 0.26 0.27 0.27 
1CON = fortified corn-soybean meal diet; LOD = CON containing low oxidized 
DDGS; HOD = CON containing high oxidized DDGS. 
2Vitamin-mineral premix without vitamin E supplied the following per kilogram of 
diet: vitamin A, 11,023 IU; vitamin D3, 2,756 IU; vitamin K, 4.4 mg; thiamine, 1.1 
mg; riboflavin, 9.9 mg; niacin, 55 mg; pantothenic acid, 33 mg; pyridoxine, 2.2 
mg; folic acid, 1.7 mg; vitamin B12, 0.1 mg; I, 2.2 mg from ethylenediamine 
dihydriodide; Se, 0.3 mg from sodium selenite; choline, 496 mg from choline 
chloride; and metal polysaccharide complexes of zinc sulfate (90.4 mg of Zn), iron 
sulfate (55 mg of Fe), manganese sulfate (18 mg of Mn), and copper sulfate (5.5 
mg of Cu).
3Values were calculated according to the NRC (1998) for all ingredients. 
4Supplemental α-tocopheryl acetate. 
5Average values from 14 DDGS manufacturers used to calculate concentration of 
SID AA in final diets (University of Minnesota, 2008); for other ingredients, SID 
AA concentrations were based on NRC (1998).
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Table 4.3.  As-fed composition and nutrient content of phase II nursery diets containing 
low or high oxidized distillers dried grains with solubles (DDGS; wk 3 and 4 post-
weaning) 

Item 
Dietary treatment1 

CON LOD HOD
Ingredients, % 

Corn 56.27 40.07 43.07
DDGS 0.00 30.00 30.00
Soybean meal (46.5%) 39.00 25.00 22.00
Limestone 1.00 1.35 1.60
Monocalcium phosphate 1.70 1.25 0.80
Salt 0.35 0.35 0.35
L-Lysine-HCL (78%) 0.22 0.49 0.60
DL-Methionine (99%) 0.14 0.10 0.12
L-Tryptophan (98%) 0.00 0.04 0.06
L-Threonine (98.5%) 0.09 0.12 0.17
Vitamin-mineral premix2 0.50 0.50 0.50
Vitamin E premix (44,092 IU/kg)          0.15 0.15 0.15
Tiamulin (22 g/kg) 0.18 0.18 0.18
Chlortetracycline (110 g/kg) 0.40 0.40 0.40

Nutrient content (calculated):
ME3, kcal/kg      3,243      3,283   3,277 
CP3, % 22.32 22.84 21.65 
ADF3, % 3.34 4.68 6.16 
Crude fat3, % 2.68 6.05 4.02 
Available P3, % 0.44 0.44 0.44 
Total Ca3, % 0.89 0.88 0.88 
Vitamin E3,4, IU/kg     66     66       66 
Total Se3, mg/kg 0.30 0.30 0.30 
SID Lys5, % 1.31 1.31 1.30 
SID Met + Cys5, % 0.75 0.75 0.74 
SID Thr5, % 0.81 0.82 0.81 
SID Trp5, % 0.27 0.26 0.26 
1CON = fortified corn-soybean meal diet; LOD = CON containing low oxidized 
DDGS; HOD = CON containing high oxidized DDGS. 
2Vitamin-mineral premix without vitamin E supplied the following per kilogram of 
diet: vitamin A, 11,023 IU; vitamin D3, 2,756 IU; vitamin K, 4.4 mg; thiamine, 1.1 
mg; riboflavin, 9.9 mg; niacin, 55 mg; pantothenic acid, 33 mg; pyridoxine, 2.2 mg; 
folic acid, 1.7 mg; vitamin B12, 0.1 mg; I, 2.2 mg from ethylenediamine dihydriodide; 
Se, 0.3 mg from sodium selenite; choline, 496 mg from choline chloride; and metal 
polysaccharide complexes of zinc sulfate (90.4 mg of Zn), iron sulfate (55 mg of Fe), 
manganese sulfate (18 mg of Mn), and copper sulfate (5.5 mg of Cu). 
3Values were calculated according to the NRC (1998) for all ingredients. 
4Supplemental α-tocopheryl acetate. 
5Average values from 14 DDGS manufacturers used to calculate concentration of SID 
AA in final diets (University of Minnesota, 2008); for other ingredients, SID AA 
concentrations were based on NRC (1998).
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Table 4.4.  As-fed composition and nutrient content of phase III nursery diets containing 
low or high oxidized distillers dried grains with solubles (DDGS; wk 5 post-weaning to 
25 kg BW) 

Item 
Dietary treatment1 

CON LOD HOD
Ingredients, % 

Corn 61.47 44.41 46.53
DDGS 0.00 30.00 30.00
Soybean meal (46.5%) 35.00 22.00 20.00
Limestone 0.90 1.25 1.55
Monocalcium phosphate 1.45 0.95 0.36
Salt 0.35 0.35 0.35
L-Lysine-HCL (78%) 0.10 0.32 0.41
DL-Methionine (99%) 0.06 0.00 0.02
L-Tryptophan (98%) 0.00 0.05 0.06
L-Threonine (98.5%) 0.02 0.02 0.07
Vitamin-mineral premix2 0.50 0.50 0.50
Vitamin E premix (44,092 IU/kg)        0.15 0.15 0.15

Nutrient content (calculated):
ME3, kcal/kg  3,285      3,330  3,332 
CP3, % 20.94 21.84 21.02 
ADF3, % 3.31 4.66 6.17 
Crude fat3, % 2.83 6.18 4.12 
Available P3, % 0.38 0.38 0.38 
Total Ca3, % 0.79 0.77 0.78 
Vitamin E3,4, IU/kg 66     66       66 
Total Se3, mg/kg 0.30 0.30 0.30 
SID Lys5, % 1.12 1.11 1.11 
SID Met + Cys5, % 0.64 0.63 0.63 
SID Thr5, % 0.69 0.69 0.69 
SID Trp5, % 0.25 0.25 0.25 
1CON = fortified corn-soybean meal diet; LOD = CON containing low oxidized 
DDGS; HOD = CON containing high oxidized DDGS. 
2Vitamin-mineral premix without vitamin E supplied the following per kilogram of 
diet: vitamin A, 11,023 IU; vitamin D3, 2,756 IU; vitamin K, 4.4 mg; thiamine, 1.1 
mg; riboflavin, 9.9 mg; niacin, 55 mg; pantothenic acid, 33 mg; pyridoxine, 2.2 mg; 
folic acid, 1.7 mg; vitamin B12, 0.1 mg; I, 2.2 mg from ethylenediamine 
dihydriodide; Se, 0.3 mg from sodium selenite; choline, 496 mg from choline 
chloride; and metal polysaccharide complexes of zinc sulfate (90.4 mg of Zn), iron 
sulfate (55 mg of Fe), manganese sulfate (18 mg of Mn), and copper sulfate (5.5 mg 
of Cu). 
3Values were calculated according to the NRC (1998) for all ingredients. 
4Supplemental α-tocopheryl acetate. 
6Average values from 14 DDGS manufacturers used to calculate concentration of 
SID AA in final diets (University of Minnesota, 2008); for other ingredients, SID 
AA concentrations were based on NRC (1998).
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Table 4.5.  As-fed composition and nutrient content of phase IV diets containing low or 
high oxidized distillers dried grains with solubles (DDGS; 25 to 45 kg BW) 

Item 
Dietary treatment1 

CON LOD HOD 
Ingredients, % 

Corn 64.43 47.42 47.70 
DDGS 0.00 30.00 30.00 
Soybean meal (46.5%) 33.00 19.86 19.78 
Limestone 0.85 1.25 1.40 
Monocalcium phosphate 0.90 0.40 0.00 
Salt 0.35 0.35 0.35 
L-Lysine-HCL (78%) 0.07 0.30 0.33 
DL-Methionine (99%) 0.04 0.00 0.00 
L-Tryptophan (98%) 0.00 0.06 0.06 
L-Threonine (98.5%) 0.03 0.03 0.05 
Vitamin-mineral premix2 0.25 0.25 0.25 
Vitamin E premix (44,092 IU/kg) 0.08 0.08 0.08 

Nutrient content (calculated): 
ME3, kcal/kg   3,322        3,363          3,370  
CP3, % 20.29  21.13  21.06  
ADF3, % 3.30  4.65  6.20  
Crude fat3, % 2.93  6.27  4.17  
Available P3, % 0.26  0.26  0.27  
Total Ca3, % 0.67  0.67  0.66  
Vitamin E3,4, IU/kg   33       33         33  
Total Se3, mg/kg 0.30  0.30  0.30  
SID Lys5, % 1.05  1.05  1.05  
SID Met + Cys5, % 0.61  0.61  0.62  
SID Thr5, % 0.68  0.67  0.67  
SID Trp5, % 0.24  0.25  0.24  
1CON = fortified corn-soybean meal diet; LOD = CON containing low oxidized 
DDGS; HOD = CON containing high oxidized DDGS. 
2Vitamin-mineral premix without vitamin E supplied the following per kilogram of 
diet: vitamin A, 8,818 IU; vitamin D3, 1,653 IU; vitamin K, 3.3 mg; thiamine, 0.03 
mg; riboflavin, 5.5 mg; niacin, 33 mg; pantothenic acid, 22 mg; vitamin B12, 0.03 mg; 
I, 0.3 mg from ethylenediamine dihydriodide; Se, 0.3 mg from sodium selenite; and 
metal polysaccharide complexes of zinc sulfate (55 mg of Zn), iron sulfate (33 mg of 
Fe), manganese sulfate (5.5 mg of Mn), and copper sulfate (3.9 mg of Cu). 
3Values were calculated according to the NRC (1998) for all ingredients. 
4Supplemental α-tocopheryl acetate. 
5Average values from 14 DDGS manufacturers used to calculate concentration of SID 
AA in final diets (University of Minnesota, 2008); for other ingredients, SID AA 
concentrations were based on NRC (1998). 
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Table 4.6.  As-fed composition and nutrient content of phase V diets containing low or 
high oxidized distillers dried grains with solubles (DDGS; 45 to 70 kg BW) 

Item 
Dietary treatment1 

CON      LOD  HOD 
Ingredients, % 

Corn 71.69 56.38 59.23 
DDGS 0.00 30.00 30.00 
Soybean meal (46.5%) 26.00 11.00 8.00 
Limestone 0.80 1.20 1.45 
Monocalcium phosphate 0.80 0.35 0.00 
Salt 0.35 0.35 0.35 
L-Lysine-HCL (78%) 0.03 0.32 0.45 
DL-Methionine (99%) 0.00 0.00 0.02 
L-Tryptophan (98%) 0.00 0.03 0.05 
L-Threonine (98.5%) 0.00 0.04 0.12 
Vitamin-mineral premix2 0.25 0.25 0.25 
Vitamin E premix (44,092 IU/kg) 0.08 0.08 0.08 

Nutrient content (calculated): 
ME3, kcal/kg   3,333   3,370   3,366  
CP3, % 17.72 17.86  16.66  
ADF3, % 3.19 4.50  5.98  
Crude fat3, % 3.12 6.51  4.48  
Available P3, % 0.24 0.24  0.26  
Total Ca3, % 0.60 0.60  0.62  
Vitamin E3,4, IU/kg   33       33        33  
Total Se3, mg/kg 0.30 0.30  0.30  
SID Lys5, % 0.85 0.85  0.85  
SID Met + Cys5, % 0.52 0.54  0.54  
SID Thr5, % 0.56 0.57  0.59  
SID Trp5, % 0.20 0.17  0.17  
1CON = fortified corn-soybean meal diet; LOD = CON containing low oxidized 
DDGS; HOD = CON containing high oxidized DDGS. 
2Vitamin-mineral premix  premix without vitamin E supplied the following per 
kilogram of diet: vitamin A, 8,818 IU; vitamin D3, 1,653 IU; vitamin K, 3.3 mg; 
thiamine, 0.03 mg; riboflavin, 5.5 mg; niacin, 33 mg; pantothenic acid, 22 mg; vitamin 
B12, 0.03 mg; I, 0.3 mg from ethylenediamine dihydriodide; Se, 0.3 mg from sodium 
selenite; and metal polysaccharide complexes of zinc sulfate (55 mg of Zn), iron 
sulfate (33 mg of Fe), manganese sulfate (5.5 mg of Mn), and copper sulfate (3.9 mg 
of Cu). 
3Values were calculated according to the NRC (1998) for all ingredients. 
4Supplemental α-tocopheryl acetate. 
5Average values from 14 DDGS manufacturers used to calculate concentration of SID 
AA in final diets (University of Minnesota, 2008); for other ingredients, SID AA 
concentrations were based on NRC (1998). 
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Table 4.7.  As-fed composition and nutrient content of phase VI diets containing low or 
high oxidized distillers dried grains with solubles (DDGS; 70 to 90 kg BW) 

Item 
Dietary treatment1 

CON          LOD      HOD 
Ingredients, %       

Corn 74.60 57.49 59.56 
DDGS 0.00 30.00 30.00 
Soybean meal (46.5%) 23.00 10.00 8.00 
Limestone 0.75 1.15 1.37 
Monocalcium phosphate 0.95 0.45 0.00 
Salt 0.35 0.35 0.35 
L-Lysine-HCL (78%) 0.00 0.23 0.32 
DL-Methionine (99%) 0.02 0.00 0.00 
L-Tryptophan (98%) 0.00 0.00 0.02 
L-Threonine (98.5%) 0.00 0.00 0.05 
Vitamin-mineral premix2 0.25 0.25 0.25 
Vitamin E premix (44,092 IU/kg) 0.08 0.08 0.08 

Nutrient content (calculated): 
ME3, kcal/kg 3,331  3,375  3,378  
CP3, % 16.61 17.50  16.69  
ADF3, % 3.13 4.49  5.99  
Crude fat3, % 3.20 6.54  4.49  
Available P3, % 0.26 0.26  0.26  
Total Ca3, % 0.59 0.59  0.59  
Vitamin E3,4, IU/kg   33            33       33  
Total Se3, mg/kg 0.30 0.30  0.30  
SID Lys5, % 0.75 0.75  0.75  
SID Met + Cys5, % 0.51 0.54  0.52  
SID Thr5, % 0.52 0.52  0.52  
SID Trp5, % 0.18 0.13  0.14  
1CON = fortified corn-soybean meal diet; LOD = CON containing low oxidized 
DDGS; HOD = CON containing high oxidized distillers DDGS. 
2Vitamin-mineral premix without vitamin E supplied the following per kilogram of 
diet: vitamin A, 8,818 IU; vitamin D3, 1,653 IU; vitamin K, 3.3 mg; thiamine, 0.03 
mg; riboflavin, 5.5 mg; niacin, 33 mg; pantothenic acid, 22 mg; vitamin B12, 0.03 
mg; I, 0.3 mg from ethylenediamine dihydriodide; Se, 0.3 mg from sodium selenite; 
and metal polysaccharide complexes of zinc sulfate (55 mg of Zn), iron sulfate (33 
mg of Fe), manganese sulfate (5.5 mg of Mn), and copper sulfate (3.9 mg of Cu). 
3Values were calculated according to the NRC (1998) for all ingredients. 
4Supplemental α-tocopheryl acetate. 
5Average values from 14 DDGS manufacturers used to calculate concentration of 
SID AA in final diets (University of Minnesota, 2008); for other ingredients, SID 
AA concentrations were based on NRC (1998). 
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Table 4.8.  As-fed composition and nutrient content of phase VII diets containing low or 
high oxidized distillers dried grains with solubles (DDGS; 90 to 114 kg BW) 

Item 
Dietary treatment1 

     CON         LOD    HOD 
Ingredients, %       

Corn 82.28 59.53 63.46 
DDGS 0.00 30.00 30.00 
Soybean meal (46.5%) 15.00 8.00 4.00 
Limestone 0.85 1.15 1.40 
Monocalcium phosphate 0.93 0.45 0.00 
Salt 0.35 0.35 0.35 
L-Lysine-HCL (78%) 0.12 0.17 0.33 
DL-Methionine (99%) 0.08 0.00 0.02 
L-Tryptophan (98%) 0.00 0.02 0.04 
L-Threonine (98.5%) 0.06 0.00 0.07 
Vitamin-mineral premix2 0.25 0.25 0.25 
Vitamin E premix (44,092 IU/kg) 0.08 0.08 0.08 

Nutrient content (calculated): 
ME3, kcal/kg 3,321  3,374  3,373  
CP3, % 13.62 16.76  15.19  
ADF3, % 2.98 4.45  5.92  
Crude fat3, % 3.40 6.59  4.59  
Available P3, % 0.25 0.25  0.25  
Total Ca3, % 0.58 0.58  0.58  
Vitamin E3,4, IU/kg  33            33       33  
Total Se3, mg/kg 0.30 0.30  0.30  
SID Lys5, % 0.65 0.66  0.66  
SID Met + Cys5, % 0.51 0.52  0.51  
SID Thr5, % 0.48 0.49  0.49  
SID Trp5, % 0.13 0.14  0.13  
1CON = fortified corn-soybean meal diet; LOD = CON containing low oxidized 
DDGS; HOD = CON containing high oxidized DDGS. 
2Vitamin-mineral premix without vitamin E supplied the following per kilogram of 
diet: vitamin A, 8,818 IU; vitamin D3, 1,653 IU; vitamin K, 3.3 mg; thiamine, 0.03 
mg; riboflavin, 5.5 mg; niacin, 33 mg; pantothenic acid, 22 mg; vitamin B12, 0.03 
mg; I, 0.3 mg from ethylenediamine dihydriodide; Se, 0.3 mg from sodium 
selenite; and metal polysaccharide complexes of zinc sulfate (55 mg of Zn), iron 
sulfate (33 mg of Fe), manganese sulfate (5.5 mg of Mn), and copper sulfate (3.9 
mg of Cu). 
3Values were calculated according to the NRC (1998) for all ingredients. 
4Supplemental α-tocopheryl acetate. 
5Average values from 14 DDGS manufacturers used to calculate concentration of 
SID AA in final diets (University of Minnesota, 2008); for other ingredients, SID 
AA concentrations were based on NRC (1998). 
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Dietary treatments were formulated on a standardized ileal digestible (SID) AA 

basis with ME-to-SID Lys and Ca-to-available P ratios equalized across experimental 

diets within phase.  The vitamin E level in each diet was formulated according to the 

nutrient recommendation of the National Swine Nutrition Guide (2010).  Gestating sows 

were fed at levels to satisfy nutrient requirements of females producing 12 total pigs per 

litter and gaining 20 kg maternal body weight as described by NRC (1998).  Diets for 

lactating sows met or exceeded NRC (1998) nutrient recommendations for females with 

average pre-farrowing BW of 217 kg, expected litter size of 10 and expected piglet ADG 

of 259 g.  Nutrient levels of nursery and growing-finishing diets met or exceeded NRC 

(1998) nutrient requirements for pigs gaining 350 g fat-free lean per day.  All diets were 

fed in meal form. 

Housing and Management 

During the adaption period, sows were allowed ad libitum access of their assigned 

diets and water using a single feeder and a nipple waterer.  Sows were housed in 

individual farrowing stalls (length, 2.1 m; width, 0.7 m; height, 1.0 m) with fully slatted 

cast iron floors throughout lactation.  At the end of the adaptation period, sows were 

checked daily for signs of estrus using a mature boar.  At this time, sows were housed 

individually in a gestation stall (length, 2.0 m; width, 0.6 m; height, 1.0 m) placed on a 

fully slatted concrete floor and equipped with an indiviudal feeder and a nipple waterer.  

Sows were fed 2.25 kg daily of their assigned gestation diets from weaning to mating.  

Sows that failed to conceive after the first post-weaning service were culled from the 

study.  Throughout gestation, feeding levels were adjusted to accommodate required 

changes in body condition with a body condition score of 3 as a goal at farrowing.  On d 
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109 of gestation, sows were moved to environmentally-controlled farrowing rooms and 

placed in individual farrowing stalls.  Sows received 2.25 kg of their assigned lactation 

diets until farrowing.  After parturition, the amount of feed offered was increased 

gradually to allow for ad libitum access to their assigned diets from d 5 postpartum to 

weaning. 

Before farrowing, a rubber box with a heat lamp hanging above and a warm towel 

covering the bottom was placed close to each farrowing stall.  All farrowings (day or 

night) were attended by research staff.  Newborns from each litter were dried and gently 

put into their respective rubber box to prevent suckling.  Newborns were weighed 

immediately and individually notched after the last piglet farrowed or 6 h after the start of 

farrowing, whichever came first.  Individual birth weight and sex were recorded.  Except 

for selected piglets from Small or Large groups, piglets were cross-fostered within 

dietary treatment to equalize litter size within treatments as much as possible.  Piglet 

processing procedures were completed within 24 h of birth and included administration 

of iron injections (200 mg iron as iron dextran), docking of tails, and disinfecting of 

navels according to standard operating procedures of University of Minnesota’s SROC, 

Waseca, MN.  Surgical castrations were completed when all male piglets were between 5 

and 9 d of age.  Piglets were provided with a heat lamp for 48 h after birth and had access 

to heat pads until weaning.  Piglets did not receive creep feed and were weaned at about 

19 d of age.  Body weight of dead piglets and date of death were recorded.  If a selected 

piglet died before weaning, a pig of the same sex and similar birth weight from the same 

litter was selected as a replacement.   
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Two days before weaning, selected piglets from Small or Large groups were ear 

tagged.  Individual BW was measured and recorded at weaning.  After weaning, pigs 

were housed in environmentally-controlled buildings (nursery and growing-finishing) at 

University of Minnesota’s WCROC, Morris, MN.  Rooms in each building were 

mechanically ventilated and heated.  Each nursery pen (length, 2.4 m; width, 1.2 m) was 

equipped with a plastic slatted floor and contained a six-hole feeder and a single cup 

waterer.  Room temperatures were set at 31ºC from pig arrival through the first week.  

Beginning in wk 2, room temperature was reduced 2ºC weekly.  At 6-wk post-weaning of 

the first group and 4-wk post-weaning of the second group, pigs were moved to a 

growing-finishing building with room temperature at 20ºC.  Each pen (length, 4.5 m; 

width, 1.6 m) was equipped with a fully slatted concrete floor, a four-space self-feeder 

and 2 nipple waterers.  Pigs in both nursery and growing-finishing barns were managed 

according to the WCROC’s approved standard operating procedures.  Health and comfort 

of pigs was monitored daily and pigs treated for poor health were identified and recorded.  

Post-mortem examinations were performed on dead pigs by a veterinarian to determine a 

possible cause of death.  Pigs were provided ad libitum access to feed and water 

throughout the study.  Waterers were checked daily to assure they were functioning 

properly.  All feed placed in feeders was weighed and recorded.  Diet changes were made 

on an individual pen basis.  In the nursery period, diets were changed every 2 wk.  Diets 

were changed when the average pen weight was within 5 kg of the target beginning 

weight of each phase for pigs during the growing-finishing period.
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Sampling and Analytical Procedures 

Diet and Ingredient Composition 

Mycotoxin analysis for vomitoxin and zearalenone were conducted on one 

randomly selected lot of DDGS at a commercial laboratory (Minnesota Valley Testing 

Laboratories, New Ulm, MN).  Before formulating experimental diets, proximate and AA 

analysis of soybean meal and DDGS were completed by University of Missouri’s 

Experiment Station Chemical Laboratories (Columbia, MO).  Nutrient concentrations for 

other feed ingredients were based on NRC (1998).  A sample of choice white grease used 

for formulating sow diets was collected at the beginning of the experiment and stored at -

80ºC for further analysis of thiobarbituric acid reactive substances (TBARS; Buege and 

Aust, 1978).  Diet samples for both sows and pigs were collected from each batch.  

Samples were stored at -80ºC for further analyses.  Randomly selected sow diet samples 

(n = 6) were submitted to commercial laboratories for analyses of DM, CP, crude fat, 

ADF, Ca, and P concentrations (Minnesota Valley Testing Laboratories, New Ulm, MN).  

Official methods (AOAC, 2006) were used to analyze DM (method 934.01), CP (method 

984.13ABCD), crude fat (method 920.39 A), ADF (method 973.18 ABCD), Ca (method 

958.01ABD), and P (method 958.01ABD).  A complete AA profile of sow diets was 

determined (AOAC, 2006; Method 982.30 E-BC; University of Missouri, Columbia, 

MO) using an AA analyzer (model L8800, Hitachi High Technologies America Inc., 

Schaumburg, IL). 

Peroxidation Status of DDGS 

The peroxidation status of fats in sow diets and ingredients were determined.  

About 20 g of DDGS or sow diet samples were ground using a blender.  Finely ground 
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samples were transferred to a 250 mL Erlenmeyer flask and 100 mL of hexane (VWR 

International L.L.C., Arlington Heights, IL) was added and covered with foil paper to 

prevent evaporation.  The mixture of sample and hexane was filtered into a 250 mL 

round-bottom flask after stirring for 15 min.  Another 50 mL of hexane were added to the 

Erlenmeyer flask and stirred for 15 min.  These procedures were repeated until about 200 

mL liquid was collected.  The round-bottom flask was connected to an apparatus 

equipped with a compressor, a rotavapor, and a hot water bath (BÜCHI, Flawil, 

Switzerland) to evaporate the hexane.  The temperature was set at 60ºC and the rotational 

speed was 80 × g.  Oil was collected into a glass tube using long pipettes (VWR 

International L.L.C.) once the hexane was evaporated.  Oil samples without covers were 

stored at 4ºC overnight to allow evaporation of hexane residues and were subsequently 

covered and stored at -20ºC for further analysis.  Oil extracted from DDGS or sow diets 

were analyzed for TBARS using the method of Buege and Aust (1978).   

Sample Collection 

On d 80 of gestation, within 24 h after farrowing, and at weaning, sows were 

restrained with a snout snare for blood collection after a 12-h fast.  Approximately 30 mL 

blood samples were collected into 2 vacutainer tubes (one heparinized and one without 

additives; BD Diagnostics, Franklin Lakes, NJ) by jugular venipuncture.  Sows received 

20 USP of oxytocin by intramuscular injection to stimulate milk letdown.  About 30 mL 

of colostrum were collected at farrowing and 30 mL of milk were collected at weaning 

into a wide mouthed cup by hand milking from all functional glands.   

Blood samples were collected from selected Small and Large piglets at birth and 

weaning.  At birth, blood was collected from heart puncture using 2 vacutainer tubes (BD 
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Diagnostics) and a 22 gauge needle at 2.5 cm in length (BD Diagnostics).  Total blood 

volume collected was not allowed to exceed 1% of BW.  After blood collection, piglets 

were placed back in the farrowing stall with their dam.  Assistance with the consumption 

of colostrum was provided for weak piglets.  At weaning, about 30 mL of blood samples 

were collected into 2 vacutainer tubes (BD Diagnostics) from external jugular vein using 

20 gauge needle at 3.8 cm in length (BD Diagnostics).  At birth and weaning, blood 

samples in one tube without heparin and the other tube with heparin were centrifuged at 

3,000 × g for 10 min at 4ºC (Thermo Fisher Scientific, Waltham, MA) to harvest serum 

and plasma, respectively.  Serum, plasma, colostrum, and milk samples were stored at -80  

until further analyses were conducted. 

Plasma TBARS and AA Analyses 

Concentration of TBARS was determined using the method of Feldman (2004) 

with some modifications as described below.  Reagents, including 0.67% thiobarbituric 

acid (TBA; Sigma-Aldrich Co. L.L.C., St. Louis, MO) and 10% trichloroacetic acid 

(TCA; Sigma-Aldrich Co. L.L.C., St. Louis, MO), were prepared and stored at 4ºC.  

Standards of malonaldehyde bis (dismethyl acetal) were made at various concentrations 

(0, 0.625, 1.25, 2.5, 5, 10, 50, and 100 µM) to develop the standard curve.  One hundred 

microliters of plasma were placed into a labeled 1.5 mL micro-centrifuge tube.  Two 

hundred microliters of 10% TCA were added to the tube and the tube was incubated on 

ice for 15 min to precipitate protein in the plasma.  Samples were centrifuged at 2,200 × g 

for 15 min at 4ºC (Thermo Fisher Scientific, Waltham MA).  Supernatant or standards 

(200 µL) were transferred into another 1.5 mL labeled micro-centrifuge tube.  An equal 

volume of 0.67% TBA was added and incubated in boiling water for 10 min.  While 
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samples cooled, 150 µL of sample or standard were loaded into a 96-cell plate in 

triplicate.  Plates with loaded samples were put in a plate reader to determine absorbance 

at 532 nm (Molecular Devices SpectraMax 250, Ramsey, MN). 

Concentrations of plasma AA were measured based on the modified procedure of 

Walker (1997).  Dansyl chloride (Thermo Fisher Scientific, Waltham, MA) solution at 3 

mg/mLacetone was made freshly.  A concentration of 10 mM sodium bicarbonate 

solution at pH 11 was stored at 4ºC for later analysis.  Standards for AA (Sigma-Aldrich 

Co. L.L.C., St. Louis, MO) were 2.5 × 10-3 μM in 0.1 N HCL, except L-Cys at 1.25 × 10-

3 μM.  Solutions for AA standards were made by adding 500, 250, 100, 50, 25, 10, and 5 

μM AA standards into 100 μM 4-chloro-L-phenylalanine (Sigma-Aldrich Co. L.L.C., St. 

Louis, MO), which was used as an internal standard.  A sodium bicarbonate solution (40 

μL) was added to a 1.5-mL tube.  Five microliters of standard solution and 5 μL distilled 

water were placed into one tube.  The same volume of serum and internal standard were 

loaded into another tube.  One hundred microliters of dansyl chloride solution was added 

to tubes to incubate in a 60ºC water bath for 10 min and then centrifuged at 14,800 × g at 

4ºC for 10 min (Thermo Fisher Scientific, Waltham, MA).  About 100 μL of supernatant 

were transferred into a high recovery vial and 5 μL was injected into the ultra 

performance liquid chromatography (UPLC)-mass spectrometry system (Waters, Milford, 

Massachusetts) for AA profile analysis. 

Data Collection 

Data Collected from Sows 

On d 80 and 109 of gestation, within 24 h after farrowing, and at weaning, sow 

BW was recorded and backfat depth was determined ultrasonically at the last rib at both 
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right and left sides (6.5 cm off the dorsal mid-line; Lean-Meater, Renco Corp., 

Minneapolis, MN).  Body weight and backfat depth changes during gestation and 

lactation were calculated.  Total litter size born, born alive, after cross-fostering, and at 

weaning were recorded.  In addition, litter weight at birth, after cross-fostering, and at 

weaning were recorded.  Pre-weaning mortality of piglets within litter, litter weight gain 

from cross-fostering until weaning, lactation ADFI based on weight of feed offered and 

weight of orts, and pre-weaning piglet ADG were calculated.  Treatments for sick sows 

and death of any sow were recorded.   

Data Collected from Piglets at Birth 

Within-litter variation of piglet birth weight (CV of total born, live born, and dead 

born) was calculated.  Number of total piglets born, born alive, and born dead in each 

piglet birth weight category were assessed according to 2 methods of birth weight 

classification.  The first method was based on within-litter standard deviation of piglet 

birth weight.  Piglets were classified as Small if birth weight was less than one standard 

deviation below the average birth weight of the litter, whereas Large piglets had birth 

weight greater than one standard deviation above the average birth weight of the litter. 

Normal piglets included those not classified as Small or Large.  This method assured that 

Small and Large pigs were identified relative to their littermates which was important for 

proper evaluation of subsequent growth performance of progeny.  After individual birth 

weight and blood collection from selected Small and Large pigs was completed, another 

method was used to categorize pigs to birth weight groupings based on a pre-determined 

BW of piglets at birth.  Low birth weight piglets weighed ≤ 1.0 kg, Medium birth weight 
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piglets weighed between 1.0 kg and 1.6 kg, and High birth weight piglets weighed ≥ 1.6 

kg.   

Data Collected from Nursery and Growing-Finishing Pigs 

Individual BW of pigs post-weaning was measured every 14 d to determine ADG 

on a pen basis.  Feed disappearance was determined when pigs were weighed by 

subtracting the weight of feed remaining in the feeder from the weight of feed originally 

offered to pigs.  Pen feed disappearance was used to calculate ADFI.  Overall and within-

phase, G:F were calculated.  Pigs were tattooed the day before harvest when the average 

weight of all pigs reached the target marketing weight of 110 kg.  Loin muscle area and 

backfat depth at the 10th rib were measured on the left side of live pigs by a trained and 

certified technician using real-time ultrasound imaging (500V SSD; Hitachi Aloka 

Medical, Ltd., Tokyo, Japan).  Pigs were shipped and harvested at a commercial abattoir 

the next day (Hormel Foods L.L.C., Austin, MN).  Hot carcass weight was obtained at 

harvest.  Dressing percentage was calculated using the following formula: Dressing % = 

(HCW/final live weight) × 100.  Fat-free lean percentage was estimated by the NPPC 

(2000) equation: Fat-free lean percentage = Fat-free lean/HCW × 100; where Fat-free 

lean (kg) = 3.899 - 25.250 × 10th rib backfat depth (cm) + 8.802 × 10th rib loin area (cm2) 

+ 0.465 × HCW (kg). 

Statistical Analyses 

For all data analyses, PROC GLIMMIX of SAS (SAS Inst. Inc., Gary, NC) was 

used.  The ILINK function in PROC GLIMMIX was used to request that the estimate and 

its standard error are reported on the scale of the mean.  Farrowing group was included in 

statistical models as a random effect.   
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Data for sow and litter performance were analyzed as a completely randomized 

design.  Individual sow served as the experimental unit.  The statistical model for sow 

and litter performance included dietary treatment as a fixed effect.  Data for birth weight 

variation and number of piglets within each birth weight category were analyzed as a 

nested design where the individual newborn served as the experimental unit.  The 

statistical model for birth weight variation and distribution included fixed effects of 

dietary treatment and birth weight groups (Small and Large) nested in dietary treatment.  

Data for the number of piglets within each birth eight category were analyzed using a 

Poisson regression. 

Progeny data for growth performance and carcass quality were analyzed as a 

nested design.  Individual pen served as the experimental unit.  Dietary treatment and 

birth weight group nested in dietary treatment were used as fixed effects.  Repeated 

measures analysis was used to determine effects of dietary treatment on growth 

performance across consecutive growth phases.  The statistical model for overall growth 

performance included time (phases), dietary treatment, time × dietary treatment 

interaction, and birth weight group within dietary treatment as fixed effects.  The 

statistical model to analyze carcass quality used dietary treatment and birth weight group 

within dietary treatment as fixed effects.   

Data for plasma TBARS and AA concentrations in sows were analyzed as a 

completely randomized design with individual sow as the experiment unit.  Fixed effect 

was the dietary treatment.  Data for plasma TBARS and AA concentrations in pre-

suckling newborns were analyzed as a nested design with individual piglet as the 
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experimental unit.  Fixed effects included dietary treatment and birth weight group within 

dietary treatment in the statistical model. 

All reported means are least squares means.  The pooled SE is the average of SE 

for the variable of interest.  Covariates were used for some variables of interest and 

presented as a footnote in each table.  The PDIFF option with the Tukey-Kramer 

adjustment was used for multiple comparison of means.  Treatment differences with P 

values < 0.05 were considered significant, but P values between 0.05 and 0.10 were 

considered statistical trends. 

Results 

Analytical concentrations for both vomitoxin and zearalenone in DDGS used in 

the present study were < 0.5 ppm and < 0.2 ppm, respectively, which were below levels 

generally recognized as safe for swine diets (Thaler and Reese, 2010).  

Peroxidation and Antioxidant Status of Diets 

Peroxidation levels of choice white grease, DDGS, and sow diets were 

determined by MDA concentration in extracted oil.  Low oxidized DDGS and HOD used 

in this study contained 1.6 and 5.2 ng MDA equivalent/mg oil, respectively.  Addition of 

DDGS increased MDA concentration of diets, but there were small differences in MDA 

concentrations between LOD and HOD diets during both gestation and lactation (Table 

4.9).  Sulfur concentrations in CON or LOD diets during gestation were 0.1% or lower, 

whereas S content of HOD-containing diets during gestation was 0.20%.  During 

lactation, S levels were all lower than 0.1%.  Levels of most AA such as S-containing AA 

(Cys, Met, and Tau), His, and Lys were similar across treatment within reproductive 

phase.  Concentrations of Arg in lactating diets were similar among dietary treatments; 
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however, LOD and HOD containing diets contained lower concentrations of Arg 

compared with CON during gestation.  Gestating CON diet contained 0.20% lower Ala 

concentration compared with LOD or HOD-containing diets in gestation.  Concentrations 

of Glu in CON were greater than those in diets contained either LOD or HOD during 

gestation.
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Table 4.9.  Malondialdehyde (MDA), S, and AA concentrations of diets containing low 
or high peroxidized distillers dried grains with solubles (DDGS) in gestation and lactation 
(as-fed basis) 

Item 
Gestation Lactation 

      CON1 LOD2 HOD3 CON LOD HOD 
MDA, ng/mg oil 2.32 3.70   4.08  2.89 3.24 3.36 
S, % <.10 0.10  0.20  <.10       <.10  <.10 
AA, %:        

Sulfur-containing:        
Cys 0.24 0.26 0.28  0.27 0.29 0.30 
Met 0.22 0.24 0.29  0.25 0.28 0.30 
Tau 0.09 0.07 0.07  0.09 0.08 0.08 

Indispensable4:        
Arg 0.97 0.64 0.69  1.16 1.07 1.12 
His 0.40 0.38 0.38  0.47 0.48 0.48 
Ile  0.64 0.53 0.51  0.75 0.77 0.74 
Leu 1.42 1.67 1.63  1.55 1.77 1.71 
Lys 0.80 0.87 0.81  0.98 1.05 1.03 
Phe 0.77 0.65 0.67  0.87 0.88 0.88 
Thr 0.57 0.53 0.53  0.66 0.68 0.69 
Trp 0.19 0.22 0.20  0.22 0.26 0.26 
Val 0.72 0.70 0.69  0.84 0.89 0.88 

Others:        
Ala 0.81 1.01 1.02  0.90 0.89 0.88 
Asp 1.50 0.95 0.95  1.80 1.64 1.66 
Glu 2.71 2.22 2.29  3.15 3.06 3.06 
Gly 0.62 0.56 0.60  0.74 0.73 0.76 
Pro 0.93 1.06 1.08  1.01 1.13 1.13 
Ser 0.68 0.61 0.63  0.78 0.78 0.79 
Tyr 0.54 0.51 0.52  0.61 0.63 0.62 

1CON = fortified corn-soybean meal diet. 
2LOD = CON containing low oxidized DDGS at 40% in gestation and 20% in 
lactation. 
3HOD = CON containing high oxidized DDGS at 40% in gestation and 20% in 
lactation. 
4Included Met, which was presented in the class of sulfur-containing AA. 
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Sow and Litter Performance 

Six sows were culled because they failed to conceive, which resulted in 48 sows 

that were assigned to experimental diets after mating (CON, n = 17; LOD, n = 16; HOD, 

n = 15).  Seven sows (2 from CON, 1 from LOD, and 4 from HOD) were not pregnant 28 

d post-mating and were culled from the trial.  One sow from the LOD group farrowed 11 

mummies and 1 sow from CON died before weaning.  Data from these sows were 

excluded from data analysis.   

Sows fed either LOD or HOD had similar BW and backfat depth on d 80 of 

gestation, d 109 of gestation, within 24 h after farrowing, and at weaning compared with 

sows fed CON (Table 4.10).  Dietary treatment did not affect changes of BW and backfat 

during lactation.  Lactation feed intake and ADFI were not different among dietary 

treatments.  At farrowing, litter size was not different among dietary treatments (Table 

4.11).  Sows fed diets containing HOD tended to farrow a greater (P = 0.06) number of 

dead pigs per litter than sows fed CON, but there was no dietary effect on the number of 

mummies produced per litter.  Similarly, dietary treatment did not affect litter weight.  

However, feeding HOD to sows tended to decrease (P < 0.10) the total weight of pigs 

born dead per litter compared with feeding LOD or CON.  Litters from sows fed LOD or 

HOD gained less (P < 0.05) weight than sows fed CON.  Pre-weaning mortality of piglets 

was not different among dietary treatments.  Feeding LOD or HOD to sows did not affect 

piglet ADG before weaning compared with feeding CON.
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Table 4.10.  Effect of low or high peroxidized distillers dried grains with solubles (DDGS) in gestating and lactating sow diets on sow 
performance  

Item 
Dietary treatment1 

Pooled SE P-value 
       CON   LOD HOD 

No. of sows          14     14          11 
Average parity             2.57        3.43               3.82  0.58 0.31  
Gestation length, d 117    117         116  0.43 0.92  
Lactation length, d          18.2      18.2        18.6  0.44  0.80  
Sow BW, kg: 

d 80 of gestation 210  206  223  8.37 0.30  
d 109 of gestation 236  229  246  9.04 0.35  
Farrowing 223  214  231  8.62 0.29  
Weaning 219  211  229  8.20  0.26  
Lactation change,2 kg -2.2  -2.2  -2.2  4.49  1.00  

Sow backfat depth, mm: 
d 80 of gestation 13.5 13.5 13.6 1.67 1.00  
d 109 of gestation 12.1 13.8 15.4 1.79 0.25  
Farrowing 11.9 13.0 14.6 1.85 0.45  
Weaning 10.6 11.3 13.1 1.58  0.37  
Lactation change2 -1.4  -2.0  -1.6  0.87  0.80  

Lactation feed intake,2 kg        118     113             97  8.56  0.18  
Lactation ADFI, kg 6.2  5.9  5.3  0.44  0.40  

1CON = fortified corn-soybean meal diet; LOD = CON containing low oxidized DDGS at 40% in gestation and 20% in lactation; 
HOD = CON containing high oxidized DDGS at 40% in gestation and 20% in lactation. 
2Lactation length was used as a covariate.  
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Table 4.11.  Effect of low or high peroxidized distillers dried grains with solubles (DDGS) in gestating and lactating sow diets on 
litter performance  

Item Dietary treatment1 Pooled SE P-value      CON LOD HOD
No. of litters     14             14            11
Litter size: 

Total born 12.7 11.6 11.6 1.33 0.67 
Live born 11.9 10.8 9.5 1.19 0.27 
Dead born 0.40x 0.77xy 1.73y 0.45 0.06 
Mummies       0.09                0.47              0.52 0.22 0.11
After cross-fostering 11.7 10.5 9.7 0.91 0.55 
Weaning 11.3 10.1 9.3 0.89 0.53 

Litter wt, kg: 
Total born 2 16.1 16.7 17.1 0.88 0.53 
Live born3 15.1 15.8 16.5 0.83 0.44 
Dead born4          2.9x 2.8x 2.0y 0.25 0.05 
After cross-fostering5 17.1 17.7 17.1 0.94 0.80 
Weaning6 64.4 62.3 58.1 3.01 0.28 
Gain7 49.9a 44.0b 38.0b 2.85 0.01 

Pre-weaning mortality, % 11.1 6.6 6.7 2.12 0.22 
Piglet ADG, g/d   251           248         236 10.25 0.61 

1CON = fortified corn-soybean meal diet; LOD = CON containing low oxidized DDGS at 40% in gestation and 20% in lactation; 
HOD = CON containing high oxidized DDGS at 40% in gestation and 20% in lactation.
2Litter size of total born was used as a covariate.
3Litter size of live born was used as a covariate.
4Litter size of dead born was used as a covariate.
5Litter size after cross-fostering was used as a covariate.
6Litter size at weaning was used as a covariate.
7Lactation length was used as a covariate.
x,yMeans within a row tend to differ (P < 0.10). 
a,bMeans within a row with different superscripts differ (P < 0.05).
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Piglet Birth Weight Variation and Distribution 

Individual birth weight of piglets was collected and within-litter variation was 

calculated (Table 4.12).  Within-litter variation in birth weight of total pigs born from 

sows offered HOD tended to be increased (P < 0.10) compared with sows offered LOD 

or CON, but maternal feeding of LOD or HOD did not affect within-litter birth weight 

variation of live born piglets.  Two methods were used to classify piglets according to 

their birth weight.  In the first method, categories were based on within-litter standard 

deviation of piglet birth weight (Table 4.13).  There was no effect of dietary treatment on 

the number of Small, Normal, or Large total piglets born, born alive, or born dead per 

litter.  Differences in ADG of Small, Normal, or Large piglets from birth to weaning were 

not observed among dietary treatments.  The second method of classification was based 

on birth weight of individual piglets (Table 4.14).  Dietary HOD fed to sows decreased (P 

< 0.05) the number of Medium piglets, but did not affect the number of Low or High 

piglets born per litter compared with dietary LOD or CON.  Sows offered HOD tended to 

decrease (P = 0.09) the number of Low piglets born alive per litter by 1.64 and 0.77 

compared with sows offered CON and LOD, respectively.  There was no effect on the 

number of Medium or High piglets born alive per litter when feeding LOD or HOD was 

compared with feeding CON.  Sows fed HOD produced more (P < 0.05) Low piglets that 

were dead at birth compared with sows fed LOD or CON (0.86 vs. 0.12 or 0.01).  

However, dietary treatment did not affect the number of Medium or High piglets born 

dead per litter.  From birth to weaning, piglet ADG in each birth weight category was not 

affected by dietary treatment.  
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Table 4.12.  Effect of low or high peroxidized distillers dried grains with solubles (DDGS) in gestating and lactating sow diets on 
within-litter variation in birth weight 

Item 
Dietary treatment1 

Pooled SE P-value 
CON LOD HOD 

No. of litters              14               14             11 
CV of piglet birth weight within litter, %: 

Total pigs born 19.0x 18.5x  25.8y  1.96  0.05  
Pigs born alive 18.2  17.7  20.3  1.01  0.42  
Pigs born dead 7.0  19.6  17.0  9.75  0.76  
1CON = fortified corn-soybean meal diet; LOD = CON containing low oxidized DDGS at 40% in gestation and 20% in lactation; 
HOD = CON containing high oxidized DDGS at 40% in gestation and 20% in lactation. 
x,yMeans within a row tend to differ (P < 0.10). 
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Table 4.13.  Effect of low or high peroxidized distillers dried grains with solubles (DDGS) in gestating and lactating sow diets on 
birth weight distribution and piglet ADG of Small, Normal, and Large birth weight categories1 

Item Dietary treatment2

Pooled SE P-valueCON LOD HOD
No. of litters               14            14          11
No. of total born pigs/litter: 

Small3   2.44   2.31    2.37 0.43 0.98 
Normal3   6.59   7.28    6.94 0.73 0.82 
Large3   2.64   2.17    2.55 0.46 0.71 

No. of live born pigs/litter: 
Small4   2.22   2.02    1.36 0.39 0.56 
Normal4   6.09   6.98    6.86 0.74 0.72 
Large4   2.35   2.02    2.52 0.43 0.77 

No. of dead born pigs/litter 
Small5        0.01    0.36                   0.57 0.08         0.56
Normal5   0.20   0.15     0.03 0.09 0.46 
Large5   0.29   0.06     0.01 0.06 0.12 

Piglet ADG, g/d  
Small 194 194 155 22.9 0.19
Normal 249 257 246 10.8 0.75
Large 266 262 251 10.1 0.65
1Small, pigs with birth weight that were lower than one standard deviation below the average birth weight of the litter; Normal, pigs 
that were not classified as Small or Large; Large, pigs with birth weight that were greater than one standard deviation above the 
average birth weight of the litter. 
2CON = fortified corn-soybean meal diet; LOD = CON containing low oxidized DDGS at 40% in gestation and 20% in lactation; 
HOD = CON containing high oxidized DDGS at 40% in gestation and 20% in lactation. 
3Total born litter size was used as a covariate.
4Live born litter size was used as a covariate.
5Dead born litter size was used as a covariate. 
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Table 4.14.  Effect of low or high peroxidized distillers dried grains with solubles (DDGS) in gestating and lactating sow diets on 
birth weight distribution and piglet ADG of Low, Medium, and High birth weight categories1 

Item Dietary treatment2

Pooled SE P-value CON           LOD         HOD
No. of litters     14    14     11
No. of total pigs born/litter: 

Low3             2.91          1.67            1.95 0.86 0.23 
Medium3              5.91ab           6.93a            4.08b 0.72 0.02 
High3              3.23           3.20            4.46 0.76 0.36 

No. of live born pigs/litter: 
Low4  2.39x 1.52xy 0.75y 0.81 0.09 
Medium4              5.36            6.43             4.33 0.66 0.42 
High4              3.08            3.24             4.54 2.17 0.33 

No. of dead born pigs/litter: 
Low5            0.01a                      0.12a                     0.86b                       0.06 0.02
Medium5                0.31       0.28            0.01 0.14 0.21 
High5                0.20       0.02           0.00 0.06 0.50 

Piglet ADG, g/d: 
Low 207 182 166 22.1 0.27
Medium 250 238 249 11.8 0.73
High 266 267 254 11.6 0.67
1Low, birth weight was ≤ 1.0 kg; Medium, birth weight was > 1.0 kg and < 1.6 kg; High, birth weight was ≥ 1.6 kg.
2CON = fortified corn-soybean meal diet; LOD = CON containing low oxidized DDGS at 40% in gestation and 20% in lactation; 
HOD = CON containing high oxidized DDGS at 40% in gestation and 20% in lactation.
3Total born litter size was used as a covariate.
4Live born litter size was used as a covariate.
5Dead born litter size was used as a covariate. 

       a,bMeans within a row with different superscripts differ (P < 0.05). 
x,yMeans within a row tend to differ (P < 0.10). 
 



 

 

164 
 

 

Oxidative and Antioxidant Status of Pigs 

Diet had no effect on plasma MDA and AA concentrations of sows within 24 h 

after farrowing (Table 4.15).  Dietary treatment did not affect MDA concentrations in the 

plasma of newborns before suckling (Table 4.16), but Small pigs from sows fed LOD- or 

HOD tended to have greater (P < 0.10) levels of MDA in the plasma at birth than Large 

pigs from sows fed the same diet.  However, this difference was not present in pigs born 

to CON-fed sows.  Feeding LOD or HOD to sows had no effect on concentrations of S-

containing AA in the plasma of pre-suckling newborns (Table 4.17).  Concentrations of 

His (HOD, 60.1 µM; LOD, 57.1 µM; CON, 32.8 µM) and Lys (HOD, 215.1 µM; LOD, 

220.6 µM; CON, 166.9 µM) were greater (P < 0.05) in the plasma of pre-suckling 

newborns from sows fed LOD or HOD compared with CON-fed sows, but did not affect 

concentrations of Arg and the other indispensable AA.  Small pigs from sows fed LOD 

had lower (P < 0.05) concentrations of Lys in the plasma at birth than Large pigs from 

sows fed LOD but this difference was not observed in pigs from sows fed HOD or CON.  

Concentrations of Ala were highest in the plasma of suckling newborns from HOD-fed 

sows and were lowest in those from CON-fed sows with those from LOD-fed sows being 

intermediate (HOD, 794.5 µM; LOD, 697.2 µM; CON, 633.3 µM).  The plasma 

concentrations of Gly (HOD, 969.6 µM; LOD, 1,000.2 µM; CON, 748.3 µM) were 

greater (P < 0.05) in pre-suckling newborns born to sows fed LOD or HOD than those 

born to sows fed CON.  
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Table 4.15.  Effects of feeding low or high peroxidized distillers dried grains with 
solubles (DDGS) to sows on plasma malondialdehyde (MDA) and AA concentrations of 
sows at farrowing 

Item 
Dietary treatment1 

Pooled SE P-value 
CON LOD HOD 

No. of sows       14  14 12 
MDA, µM  0.56 0.39 0.54 0.09 0.27 
AA, µM, %      
Sulfur-containing AA2: 

Met 69.9 63.2 71.9 15.09 0.82 
Tau 81.7 76.6 79.7 21.56 0.89 

Indispensable3: 
Arg 151.3 121.0 159.3 28.64 0.24 
His 83.5 77.1 82.6 9.22 0.75 
Ile + Leu 153.6 154.6 176.2 27.51 0.62 
Lys 149.1 125.2 135.7 19.97 0.54 
Phe 99.3 91.5 108.2 20.52 0.50 
Thr 142.0 107.7 135.0 35.38 0.26 
Trp 78.1 70.4 79.7 9.59 0.68 
Val 227.7 205.4 261.4 40.55 0.37 

Others:      
Ala 440.5 406.9 390.8 107.27 0.70 
Asn 80.5 53.5 63.8 11.52 0.13 
Asp 6.9 6.8 6.4 1.33 0.96 
Glu 126.0 147.3 120.5 13.66 0.32 
Gly 735.5 715.2 630.7 88.16 0.46 
Pro 239.3 212.4 247.3 33.93 0.64 
Ser 131.5 116.4 125.0 13.76 0.54 
Tyr 230.6 179.9 207.4 33.61 0.24 
1CON = fortified corn-soybean meal diet; LOD = CON containing low oxidized 
DDGS at 40% in gestation and 20% in lactation; HOD = CON containing high 
oxidized DDGS at 40% in gestation and 20% in lactation. 
2Cysteine did not differentiate using ultra performance liquid chromatography -mass 
spectrometry (Waters, Milford, Massachusetts). 
3Included Met, which was presented in the class of sulfur-containing AA.
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Table 4.16.  Effects of feeding low or high peroxidized distillers dried grains with solubles (DDGS) to sows on plasma 
malondialdehyde (MDA) concentrations of pre-suckling newborns from Small or Large birth weight groups 

Item 

Treatment 
Pooled 

SE 

P-value 
CON1  LOD2  HOD3 Dietary 

treatment 
Birth weight group 

within diet Small4 Large5 Small Large Small Large 
No. of newborns 24 26 24 23 17 20 
MDA, µM 21.1 19.5   24.8x  17.7y   19.8x  17.4y     2.00 0.45 0.05 

1CON = fortified corn-soybean meal diet.  
2LOD = CON containing low oxidized DDGS at 40% in gestation and 20% in lactation. 
3HOD = CON containing high oxidized DDGS at 40% in gestation and 20% in lactation. 
4Pigs with birth weight that were lower than one standard deviation below the average birth weight of the litter. 
5Pigs with birth weight that were greater than one standard deviation above the average birth weight of the litter. 
x,yMeans within dietary treatment with different superscripts tend to differ (P < 0.10). 
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Table 4.17.  Effects of feeding low or high peroxidized distillers dried grains with solubles (DDGS) to sows on plasma AA 
concentrations of pre-suckling newborns from Small or Large birth weight groups 

Item 

Treatment Pooled 
SE 

P-value
CON1 LOD2 HOD3 Dietary

treatment
Birth weight group

within dietSmall4 Large5 Small Large Small Large
No. of newborns        24       26    24   23 17 20 
Sulfur-containing AA6, µM: 

Met 37.5 46.5 44.0 37.3 38.2 49.7 15.06 0.98 0.91
Tau 133.7 118.0 115.6 120.8 132.3 128.2 25.99 0.72 0.86

Indispensable AA7, µM: 
Arg 39.9 55.3 55.2 52.5 40.3 53.6 11.10 0.76 0.58
His8 30.8 34.7 59.1 55.1 60.8 59.5 5.26 <.01 0.88
Lys9 153.2 180.6 199.2a 242.1b 196.0 234.2 14.96 <.01 0.03
Ile + Leu 49.7 69.4 50.5 62.0 56.2 58.9 13.95 0.97 0.68
Phe 52.0 64.5 49.3 61.4 72.8 76.4 9.53 0.12 0.60
Thr 96.0 102.8 94.4 108.3 83.3 90.7 16.72 0.57 0.85
Trp 22.1 22.3 23.3 25.3 24.6 27.3 1.96 0.17 0.72
Val 190.7 222.6 204.2 232.2 240.0 260.9 25.28 0.23 0.61

Other AA10, µM:   
Ala11 653.4 613.2 697.7 696.7 776.1 812.9 65.00 0.02 0.92
Glu 412.4 381.7 463.4 353.6 349.4 336.5 112.27 0.72 0.79
Gly12 803.9 692.7 989.2 1,011.3 978.8 960.4 79.36 <.01 0.76
1CON = fortified corn-soybean meal diet.  
2LOD = CON containing low oxidized DDGS at 40% in gestation and 20% in lactation. 
3HOD = CON containing high oxidized DDGS at 40% in gestation and 20% in lactation. 
4Pigs with birth weight that were lower than one standard deviation below the average birth weight of the litter. 
5Pigs with birth weight that were greater than one standard deviation above the average birth weight of the litter. 
6Cysteine did not differentiate using ultra performance liquid chromatography-mass spectrometry (Waters, Milford, Massachusetts). 
7Included Met, which was presented in the class of sulfur-containing AA. 
8Mean separation: CON vs. LOD (P < 0.05); CON vs. HOD (P < 0.05); LOD vs. HOD (P = 0.84). 
9Mean separation: CON vs. LOD (P < 0.05); CON vs. HOD (P < 0.05); LOD vs. HOD (P = 0.93). 
10P-values of dietary treatment and birth weight group within diet for Asn, Asp, Pro, Ser, and Tyr were > 0.10. 
11Mean separation: CON vs. LOD (P < 0.05); CON vs. HOD (P < 0.05); LOD vs. HOD (P < 0.05). 
12Mean separation: CON vs. LOD (P < 0.05); CON vs. HOD (P < 0.05); LOD vs. HOD (P = 0.92). 
a,bMeans within dietary treatment with different superscripts differ (P < 0.05).
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Post-weaning Growth Performance 

Ten pigs (CON-Small, 2; CON-Large, 2; LOD-Small, 1; LOD-Large, 2; HOD-

Small, 3) died during the nursery period.  There was no difference in initial BW (5.9 ± 

0.68 kg) among dietary treatments or between birth weight groups within dietary 

treatment (Table 4.18).  However, pigs fed diets containing 30% LOD or HOD (114.8 or 

113.7 kg) had lighter (P < 0.05) but similar BW at the end of the study compared with 

pigs fed CON (118.4 kg).  Small pigs born from sows fed CON tended to have lighter (P 

= 0.08) BW than Large pigs fed the same diet at the end of phase II.  This difference (P < 

0.05) continued to be present at the end of phase III and IV.  Lighter BW of Small pigs 

compared with Large pigs fed HOD was observed at the end of phase III and IV.  
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Table 4.18.  Effects of feeding low or high peroxidized distillers dried grains with solubles (DDGS) to pigs from Small or Large birth 
weight group on BW in each phase 

Item 

Treatment 
Pooled 

SE 

P-value 
CON1  LOD2  HOD3 Dietary 

treatment 
Birth weight group 

within diet Small4 Large5 Small Large Small  Large 
No. of pens 4     4     4    4     4     4 
No. of pigs     32    31   28  31   24   26 
BW, kg: 

Initial6 5.2 6.4     5.3     6.8    5.3 6.6 1.12 0.97 0.82 
Phase I End 6.1 7.9     6.5     8.5    6.7 8.5 1.12 0.85 0.48 
Phase II End 11.0x   14.5y   12.1   14.1   12.4 15.2 1.12 0.61 0.08 
Phase III End 20.8a   24.9b   21.6   24.3 22.0a     26.1b 1.12 0.51 0.01 
Phase IV End 41.0a   45.2b   41.1   43.2   40.0a   45.1b 1.12 0.70 <.01 
Phase V End 68.6    69.4   70.0   68.8  67.4     69.7 1.12 0.76 0.64 
Phase VI End 92.7 93.6   92.5   92.7  92.6     92.4 1.12 0.82 0.98 
Final7,8 115.5a 121.5b  111.5a 118.0b  111.4a 116.0b 1.12 <.01 <.01 
1CON = fortified corn-soybean meal diet. 
2LOD = CON containing low oxidized DDGS at 40% in gestation and 20% in lactation. 
3HOD = CON containing high oxidized DDGS at 40% in gestation and 20% in lactation. 
4Pigs with birth weight that were lower than one standard deviation below the average birth weight of the litter. 
5Pigs with birth weight that were greater than one standard deviation above the average birth weight of the litter. 
6Weaning weight. 
7Weight at the end of phase VII. 
8Mean separation: CON vs. LOD (P < 0.05); CON vs. HOD (P < 0.05); LOD vs. HOD (P = 0.68). 
x,yMeans within dietary treatment with different superscripts tend to differ (P < 0.10). 
a,bMeans within dietary treatment with different superscripts differ (P < 0.05). 
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Pigs fed HOD displayed ADG similar to pigs fed CON through the first 4 phases 

of growth, but experienced slower (P < 0.05) growth in the later finishing periods (Table 

4.19).  Average daily gain was similar in Small and Large pigs fed CON during all phases 

except for phase II.  Small pigs fed LOD had similar ADG during the first 5 phases and 

had lower ADG (P < 0.05) during the last 2 phases compared with Large pigs fed the 

same diet.  Average daily gain was greater (P < 0.05) in Large pigs fed HOD than Small 

pigs fed the same diet during phase II and V.  However, differences in ADG disappeared 

between Small and Large pigs fed HOD at phase VI and VII. 
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Table 4.19.  Effects of feeding low or high peroxidized distillers dried grains with solubles (DDGS) to pigs from Small or Large birth 
weight group on ADG in each phase 

Item 

Treatment 
Pooled 

SE 

P-value 
CON1  LOD2  HOD3 Dietary 

treatment 
Birth weight group 

within diet Small4 Large5 Small Large Small  Large 
No. of pens      4      4    4    4    4      4 
No. of pigs    32     31  28  31  24    26 
ADG, kg:        

Phase I     0.06 0.11     0.09  0.12     0.09     0.14 0.03 0.49 0.52 
Phase II     0.34a 0.47b    0.39  0.39    0.38a     0.48b 0.03 0.31 0.01 
Phase III     0.67 0.69     0.66  0.69   0.66      0.75 0.03 0.54 0.23 
Phase IV     0.89 0.96     0.86  0.90   0.87      0.90 0.03 0.26 0.22 
Phase V6    1.13    1.10   1.09  1.11    1.00a     1.05b 0.03 0.01 0.04 
Phase VI7    1.13    1.14  1.06a   1.14b   1.03    1.06 0.03 0.01 0.02 
Phase VII8   1.03    1.06  0.95a   1.04b   0.95    0.97 0.03 0.03 0.03 
1CON = fortified corn-soybean meal diet. 
2LOD = CON containing low oxidized DDGS at 40% in gestation and 20% in lactation. 
3HOD = CON containing high oxidized DDGS at 40% in gestation and 20% in lactation. 
4Pigs with birth weight that were lower than one standard deviation below the average birth weight of the litter. 
5Pigs with birth weight that were greater than one standard deviation above the average birth weight of the litter. 
6Mean separation: CON vs. LOD (P = 0.50); CON vs. HOD (P < 0.05); LOD vs. HOD (P < 0.05). 
7Mean separation: CON vs. LOD (P = 0.24); CON vs. HOD (P < 0.05); LOD vs. HOD (P < 0.05). 
8Mean separation: CON vs. LOD (P < 0.05); CON vs. HOD (P < 0.05); LOD vs. HOD (P = 0.38). 
x,yMeans within dietary treatment with different superscripts tend to differ (P < 0.10). 
a,bMeans within dietary treatment with different superscripts differ (P < 0.05). 



 

 

172 
 

 

Average daily feed intake of pigs was not affected by dietary treatment during 

phase I, II, and III (Table 4.20).  However, pigs fed LOD had lower ADFI (P < 0.05) than 

pigs fed HOD or CON during later finishing periods.  Birth weight category had no effect 

on ADFI during the first 2 phases.  Small pigs from CON or LOD treatments displayed 

similar feed intake daily from phase I through VI compared with Large pigs fed the same 

diet.  However, Small pigs fed CON or LOD had lower ADFI (P < 0.05) than Large pigs 

fed the same diet during phase VII.  Feeding HOD to Small pigs decreased ADFI in 3 

phases (III, V, and VI; P < 0.05) compared with feeding HOD to Large pigs.  However, 

no differences in ADFI between Small and Large pigs were found at the end of this study 

for HOD-fed pigs.  
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Table 4.20.  Effects of feeding low or high peroxidized distillers dried grains with solubles (DDGS) to pigs from Small or Large birth 
weight group on ADFI in each phase 

Item 

Treatment 
Pooled SE 

P-value 
CON1 LOD2 HOD3 Dietary 

treatment 
Birth weight group 

within diet Small4 Large5  Small Large  Small Large 
No. of pens   4   4 4   4   4   4 
No. of pigs 32  31  28  31  24  26 
ADFI, kg: 

Phase I  0.11   0.16   0.14   0.16   0.14 0.18 0.07 0.94 0.99 
Phase II  0.50   0.65   0.53   0.58   0.56 0.72 0.07 0.47 0.28 
Phase III  1.08   1.24   1.07   1.15 1.09a  1.36b 0.07 0.25 0.02 
Phase IV6  1.71   1.86   1.72   1.73   1.83    1.95 0.07 0.07 0.11 
Phase V7  2.85   2.80   2.64   2.68  2.79x  2.93y 0.07 0.02 0.06 
Phase VI8  3.27   3.41   3.05   3.17   3.12a  3.41b 0.07 0.01 <.01 
Phase VII9  3.41a  3.59b  3.12a 3.35b   3.50 3.52 0.07 <.01 <.01 
1CON = fortified corn-soybean meal diet. 
2LOD = CON containing low oxidized DDGS at 40% in gestation and 20% in lactation. 
3HOD = CON containing high oxidized DDGS at 40% in gestation and 20% in lactation. 
4Pigs with birth weight that were lower than one standard deviation below the average birth weight of the litter. 
5Pigs with birth weight that were greater than one standard deviation above the average birth weight of the litter. 
6Mean separation: CON vs. LOD (P = 0.39); CON vs. HOD (P = 0.15); LOD vs. HOD (P < 0.05). 
7Mean separation: CON vs. LOD (P < 0.05); CON vs. HOD (P = 0.64); LOD vs. HOD (P < 0.05). 
8Mean separation: CON vs. LOD (P < 0.05); CON vs. HOD (P = 0.29); LOD vs. HOD (P < 0.05). 
9Mean separation: CON vs. LOD (P < 0.05); CON vs. HOD (P = 0.87); LOD vs. HOD (P < 0.05). 
a,bMeans within dietary treatment with different superscripts differ (P < 0.05). 
x,yMeans within dietary treatment with different superscripts tend to differ (P < 0.10). 
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Pigs fed LOD and HOD exhibited improved (P < 0.05) G:F compared with pigs 

fed CON during phase I (Table 4.21).  Small pigs within dietary treatment exhibited a 

lower (P < 0.05) G:F than Large pigs during phase I.  However, neither diet nor birth 

weight category affected gain efficiency in other phases.
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Table 4.21.  Effects of feeding low or high peroxidized distillers dried grains with solubles (DDGS) to pigs from Small or Large birth 
weight group on G:F in each phase 

1CON = fortified corn-soybean meal diet. 
2LOD = CON containing low oxidized DDGS at 40% in gestation and 20% in lactation. 
3HOD = CON containing high oxidized DDGS at 40% in gestation and 20% in lactation. 
4Pigs with birth weight that were lower than one standard deviation below the average birth weight of the litter. 
5Pigs with birth weight that were greater than one standard deviation above the average birth weight of the litter. 
6Mean separation: CON vs. LOD (P < 0.05); CON vs. HOD (P < 0.05); LOD vs. HOD (P = 0.64). 
a,bMeans within dietary treatment with different superscripts differ (P < 0.05). 

Item 

Treatment 
Pooled SE 

P-value 
CON1 LOD2 HOD3 Dietary 

treatment 
Birth weight group 

within diet Small4 Large5   Small Large  Small Large 
No. of pens   4   4 4   4   4   4 
No. of pigs 32  31  28  31  24  26 
G:F:       

Phase I6  0.55a  0.67b  0.65a  0.77b  0.67a   0.77b 0.03 <.01 <.01 
Phase II 0.69 0.72 0.73 0.67 0.69 0.67 0.03 0.63 0.67 
Phase III 0.63 0.55 0.62 0.60 0.60 0.55 0.03 0.57 0.39 
Phase IV 0.52 0.52 0.51 0.52 0.48 0.47 0.03 0.27 0.72 
Phase V 0.40 0.40 0.42 0.42 0.36 0.36 0.03 0.22 0.69 
Phase VI 0.34 0.34 0.35 0.36 0.33 0.31 0.03 0.57 0.91 
Phase VII 0.30 0.30   0.30 0.31  0.27 0.28 0.03 0.60 0.96 
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A tendency for an interactive effect of diet and phase was found for ADG (Figure 

4.1).  Average daily gain of HOD-fed pigs was similar to LOD- or CON-fed pigs through 

the first 4 phases of growth but was lower (P < 0.05) than LOD- or CON-fed pigs during 

phase V and VI.  However, pigs fed LOD or HOD grew slower (P < 0.05) than pigs fed 

CON at the end of this experiment.  Throughout the study, dietary treatment did not 

affect overall ADG (Table 4.22).  Feeding LOD to pigs from weaning to harvest reduced 

(P < 0.05) overall ADFI (LOD, 1.79 kg; HOD, 1.94 kg; CON, 1.90 kg) and tended to 

increase (P = 0.08) G:F (LOD, 0.52; HOD, 0.49; CON, 0.50) compared with feeding 

HOD or CON.  Large pigs within dietary treatment had greater (P < 0.05) ADG 

compared with Small pigs.  Average daily feed intake of Large pigs from CON- or HOD-

fed sows was greater (P < 0.05) than Small pigs from the same dietary treatment.  No 

differences were observed in G:F between Large and Small pigs within dietary treatment.
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Figure 4.1.  Effects of feeding low or high peroxidized distillers dried grains with solubles (DDGS) to pigs on ADG by phases1 

1P-value of Time × Dietary treatment was 0.07. 
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Table 4.22.  Effects of feeding low or high peroxidized distillers dried grains with solubles (DDGS) to pigs from Small or Large birth 
weight group on overall growth performance 

Item 

Treatment 
Pooled 

SE 

P-value6 
CON1  LOD2  HOD3 Dietary 

treatment 

Time ×  
Dietary 

treatment 

Birth weight 
group 

within diet Small4 Large5  Small Large  Small Large 

No. of pens  4     4 4  4  4   4 
No. of pigs   32   31   28   31   24   26 
ADG, kg   0.75a    0.79b    0.73a    0.77b  0.71a 0.77b 0.01 0.12 0.07 0.01 
ADFI7, kg   1.85a    1.96b   1.75   1.83 1.86a     2.01b 0.04 0.01 0.17 0.02 
G:F8     0.49   0.50      0.51     0.52      0.49    0.49 0.01 0.08 0.16 0.89 

1CON = fortified corn-soybean meal diet. 
2LOD = CON containing low oxidized DDGS at 40% in gestation and 20% in lactation. 
3HOD = CON containing high oxidized DDGS at 40% in gestation and 20% in lactation. 
4Pigs with birth weight that were lower than one standard deviation below the average birth weight of the litter. 
5Pigs with birth weight that were greater than one standard deviation above the average birth weight of the litter. 
6P-values of Time were <.01 for ADG, ADFI, and G:F; P-values for Time × Birth weight group within diet were 0.51, 0.40, and 
0.22 for ADG, ADFI, and G:F, respectively. 
7Mean separation: CON vs. LOD (P < 0.05); CON vs. HOD (P = 0.71); LOD vs. HOD (P < 0.05). 
8Mean separation: CON vs. LOD (P = 0.27); CON vs. HOD (P = 0.76); LOD vs. HOD (P < 0.10). 
a,bMeans within dietary treatment with different superscripts differ (P < 0.05).
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Carcass Quality 

All pigs were measured for loin muscle area and backfat depth at the 10thrib 1 d 

prior to harvest.  Thirteen pigs were excluded from collection of HCW because they were 

lower than the required marketing weight, or not identified in the commercial abattoir.  

Feeding LOD or HOD to pigs decreased (P < 0.05) HCW compared with feeding CON 

(90.2 or 87.8 vs. 93.0 kg; Table 4.23).  Diet had no effect on dressing percentage and fat-

free lean percentage.  Pigs fed diets containing either LOD or HOD exhibited a reduction 

(P < 0.05) of the 10th rib backfat depth compared with pigs fed CON (26.1 or 26.8 vs. 

28.4 mm).  Feeding HOD decreased (P < 0.05) loin eye area at 10th rib compared with 

feeding CON (40.4 vs. 43.9 cm2).  There was no difference in loin eye area at the 10th rib 

between pigs fed LOD and HOD.  Small pigs fed LOD or CON had lighter (P < 0.05) 

HCW than Large pigs fed the same diet.  Whereas, Small pigs fed HOD had similar 

HCW to Large pigs fed HOD. 
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Table 4.23.  Effects of feeding low or high peroxidized distillers dried grains with solubles (DDGS) to pigs from Small or Large birth 
weight group on carcass characteristics 

Item 

Treatment 
Pooled 

SE 

P-value 
CON1   LOD2   HOD3 Dietary 

treatment 
Birth weight group 

within diet Small4 Large5   Small Large   Small Large 
No. of pens    4    4    4   4      4  4 
Hot carcass wt6,7, kg 90.6a 95.4b    87.7a 92.6b     86.6 88.9 1.83 <.01 <.01 
Dressing percent6,8   74.1 74.7    75.6 73.5      74.6 73.6 0.98 0.89 0.43 
Fat-free lean6,9, %   47.8 48.9   48.5 49.6     48.8 48.8 0.63 0.44 0.28 
Backfat depth10,11, mm   28.4 28.5  26.7 25.5     26.3 27.2 1.24 <.01 0.41 
Loin eye area10,12, cm2   42.3 45.5  39.7 42.9     39.6 41.1 1.28 0.03 0.11 

1CON = fortified corn-soybean meal diet. 
2LOD = CON containing low oxidized DDGS at 40% in gestation and 20% in lactation. 
3HOD = CON containing high oxidized DDGS at 40% in gestation and 20% in lactation. 
4Pigs that were one standard deviation lower than the average birth weight of the litter. 
5Pigs that were one standard deviation greater than the average birth weight of the litter. 
6Data collected from 149 pigs (7 pigs did not reach the marketed weight, 2 carcasses were not identified, and 4 carcasses were used 
to samples by the commercial abattoir). 
7Mean separation: CON vs. LOD (P < 0.05); CON vs. HOD (P < 0.05); LOD vs. HOD (P = 0.12). 
8Calculated using the following formula: Dressing % = (HCW/final live weight) × 100.  
9Estimated by NPPC (2000) equation: Fat-free lean percentage = Fat-free lean/HCW × 100; where Fat-free lean (kg) = 3.899-
25.250 × 10th rib backfat depth (cm) + 8.802 × 10th rib loin area (cm2) + 0.465 x HCW (kg). 
10Determined on the left side at the 10th rib of 155 live pigs (CON/Small, 29; CON/Large, 31; LOD/Small, 22; LOD/Large, 27; 
HOD/Small, 20; HOD/Large, 26) using real-time ultrasound imaging (Aloka 500V SSD). 
11Mean separation: CON vs. LOD (P < 0.05); CON vs. HOD (P < 0.05); LOD vs. HOD (P = 0.56). 
12Mean separation: CON vs. LOD (P = 0.12); CON vs. HOD (P < 0.05); LOD vs. HOD (P = 0.75). 
a,bMeans within dietary treatment with different superscripts differ (P < 0.05). 
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Discussion 

The concentration of MDA is used commonly as a biomarker to measure the level 

of peroxidative damage in diets and peroxidative stress in vivo (Moore and Roberts, 

1998).  Thirty one DDGS samples from various manufacturers were analyzed for MDA 

concentrations to determine the range of peroxidative damage (Song et al., 2011).  In the 

present study, sources of LOD and HOD were selected according to these analytical 

results for MDA concentrations.  The HOD represented DDGS with the highest MDA 

concentration and LOD represented one of the lowest concentrations of MDA.  A slightly 

greater concentration of MDA was observed in sow diets containing HOD compared with 

sow diets containing LOD; however, the difference was not large.  Concentrations of 

MDA in either LOD or HOD containing diets were higher than CON, which indicated 

that sows may have experienced some degree of elevated oxidative stress of dietary 

origin when consuming DDGS-containing diets. 

In the current study, litter size, sow BW change during lactation, ADFI in 

lactation, pre-weaning mortality, and piglet ADG from birth to weaning were not 

influenced by DDGS in sow diets.  Crowder and Johnston (2011) also reported no 

differences in litter size and lactation feed intake when sows were offered diets with 30% 

DDGS in gestation and 15% DDGS in lactation.  Song et al. (2010) and Greiner et al. 

(2008) did not find any differences in feed intake, change in backfat depth, and piglet 

pre-weaning mortality when 0, 10, 20, or 30% DDGS was included in sow diets during 

lactation.  However, we found that feeding LOD or HOD to sows reduced litter weight 

gain compared with feeding CON.  Litters from sows fed diets containing LOD or HOD 

gained 6 or 12 kg less than litters from sows fed CON.  However, differences in litter 
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weight gain were similiar among dietary treatments when the number of pigs weaned was 

used as a covariate in the statistical model.  Thus, the reduced gain of litters nursing 

LOD- or HOD-fed sows was likely because of the smaller number of pigs weaned per 

litter compared with CON-sows.  Similarly, Crowder and Johnston (2011) did not find 

any difference in litter weight gain when sows receiving diets containing DDGS at 30% 

in gestation and 15% in lactation.  Therefore, our results suggest that feeding sows diets 

containing LOD or HOD did not negatively affect litter growth before weaning.   

In this study, sows that received HOD-containing diets produced a greater within-

litter birth weight variation of piglets.  To our knowledge, this is the first study to 

investigate the effect of maternal feeding of DDGS on within-litter variation of piglet 

birth weight.  As emphasis on improving litter size in commercial sows has increased, so 

has the variation of piglet birth weight over the past 10 years (Johnson et al., 1999; Merks, 

2000).  Litter size has been reported to correlate positively to within-litter variation of 

piglet birth weight (Lund et al., 2002; Foxcroft, 2008).  Quiniou et al. (2002) found that 

within-litter variation of piglet birth weight in litters containing more than 16 piglets was 

larger compared with litters containing less than 11 piglets.  Large within-litter variation 

in piglet birth weight can lead to increased variation of pigs at slaughter (Roberts and 

Deen, 1995; Bérard et al., 2010).  In the present study, the number of total pigs born per 

litter was not different among dietary treatments.  However, 17 pigs did not reach the 

required marketing weight of the commercial abattoir.  Among them, 13 pigs (CON, 3; 

LOD, 6; HOD, 4) were from the Small group and 4 pigs from the Large group (LOD).  

Quesnel et al. (2008) suggested that large within-litter variation of piglet birth weight is 

often caused by increasing number of piglets born with birth weight less than 1.0 kg.  
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There were no differences in number of Low or Small piglets born total per litter among 

dietary treatments in the present study.  However, sows fed HOD-containing diets 

farrowed a smaller number of Medium piglets when considering total litter size compared 

with sows fed LOD or CON.  Thus, the increased within-litter variation of piglet birth 

weight in the HOD treatment is primarily caused by the reduction in the number of 

medium sized pigs but not pigs with low birth weight.  Based on this small experiment, 

feeding HOD-containing diets to sows does not appear to increase within-litter birth 

weight variation and number of low birth weight pigs born.  

Another very important finding in this study is that sows fed HOD produced a 

greater number of dead piglets.  Causative factors contributing to increased stillborn 

piglets were not investigated in this study.  Whether these piglets died prior to farrowing 

or during parturition are not known.  Asdell and Willman (1941) suggested that stillbirths 

in swine could be caused by disease outbreaks, nutrition and age of sows, and negative 

factors in prenatal development.  In the present study, no diseases or mycotoxicosis in 

sows were evident.  Energy, SID AA, Ca:available P, vitamin and mineral concentrations 

among sow diets were similar within reproductive phases.  The average parity of sows in 

each dietary treatment was not different.  Thus, we speculate that one reason for 

increased stillborn piglets from HOD-fed sows might be the inefficiency of nutrient 

transfer to fetuses in late gestation.  The inefficiency of placentae may lead to fetal death 

before farrowing because the elevated requirements for nutrients and oxygen of rapidly 

growing fetuses in late gestation may not have been satisfied.  In the current study, the 

number of low birth weight piglets (≤ 1.0 kg) born dead per litter in HOD treatment was 

greater than in the LOD or CON treatments (Table 4.14).  This finding suggests that the 
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increased number of dead pigs born to HOD-fed sows was due to fetuses or piglets at 

birth weighing 1.0 kg or less.   

Low birth weight piglets or runts are caused primarily by IUGR during pregnancy 

(Foxcroft et al., 2006).  Wu et al. (2006) suggested that the growth retardation of fetuses 

is mainly due to limitation of nutrients supplied to fetuses through placentae.  Placental 

inefficiency can result in IUGR during late gestation and cause fetuses or newborns with 

low BW.  The research group at Texas A&M University has focused on the role of 

dietary Arg and its catabolic products, NO and polyamines, to improve placental growth 

and function (Wu et al., 2009; Li et al., 2010).  These researchers found that high levels 

of dietary Arg fed to gilts from d 30 to 114 of pregnancy improved litter size, decreased 

within-litter variation in piglet birth weight, and decreased the proportion of runt pigs 

compared to feeding a standard corn-soybean meal based diet (Wu et al., 2009).  Nitric 

oxide is a major endothelium-derived vasodilator factor, which is primarily produced 

from Arg via inducible NO synthase.  Nitric oxide is involved in regulation of utero-

placental blood flow, and thus increases the transfer of nutrients and oxygen through the 

placenta (Ignarro et al., 1987; Bird et al., 2003; Wu et al., 2006).  Diets containing a high 

level of Arg would increase NO production endogenously and mitigate the situation of 

IUGR (Wu, et al., 2004).  However, inconsistent results have been observed on litter size 

and within-litter variation of piglet birth weight when feeding Arg to gestating sows 

(Ramaekers et al., 2006; Mateo et al., 2007; Li et al., 2010).  In the present study, LOD or 

HOD contained lower concentrations of Arg during gestation and similar concentrations 

of Arg during lactation compared with CON.  However, concentrations of Arg in plasma 

of sows within 24 h after farrowing and pre-suckling newborns were not affected by 
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dietary treatment, which indicated that Arg is not a confounding factor on affecting the 

incidence of low birth weight pigs when consumed LOD or HOD containing diets. 

Placental efficiency can be determined by the placental surface area and utero-

placental blood flow (Biensen et al., 1998; Wilson and Ford, 2001).  Placental surface 

area for nutrient exchange increases exponentially from d 35 to 70 and from d 90 to 110 

of gestation (Knight et al., 1977; Biensen et al., 1998).  Placental blood flow rate is very 

important in providing for all the metabolic demands of fetuses (Reynolds et al., 1992; 

Ford, 1995; Reynolds and Redmer, 2001).  About 80% of IUGR cases result from 

impaired placental vascular growth and underdeveloped utero-placental blood flow (Wu 

et al., 2006; Karowicz-Bilinska et al., 2007).  Corn oil extracted from DDGS contains 

relatively high concentrations of unsaturated fatty acids (Majoni and Wang, 2010; 

Moreau et al., 2010, 2011) and about 55% linoleic acid (Winkler et al., 2007).  

Polyunsaturated fatty acids such as linoleic acid, in DDGS are oxidized easily under the 

high temperature drying process of DDGS production, which likely leads to the 

formation of secondary lipid peroxidation products, such as MDA and HNE (Weber and 

Kerr, 2011).  Elevated concentrations of MDA in vivo can cause metabolic oxidative 

stress to pigs (Lopez-Bote et al., 2001; Ringseis et al., 2007).  Consumption of thermally-

oxidized oil increased the oxidative stress of both dams and fetuses indicated by the 

increase of MDA concentrations in human serum (Karowicz-Bilinska et al., 2007).  4-

Hydroxy-2-trans-nonenal is a highly reactive aldehyde and can be absorbed by the 

intestinal tract (Nishikawa et al., 1992; Totani et al., 2008).  Elevated concentrations of 

HNE in vivo may cause IUGR by inhibiting the production of NO, which plays an 

important role in regulating utero-placental blood flow (Ignarro et al., 1987; Bird et al., 
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2003).  In vitro studies indicated that concentrations of HNE at 50 μM or higher inhibited 

the activation of inducible NO synthase and production of NO (Romero et al., 1997; 

Hattori et al., 2001).  In the present study, dietary treatment did not affect MDA 

concentrations in plasma of sows within 24 h after farrowing or newborns before 

suckling.  Concentrations of HNE in the plasma of sows after farrowing and newborns 

were not determined because of laboratory difficulties in differentiating HNE from HNE-

Lys adduct.  Thus, to confirm the speculation of feeding oxidized DDGS to sows could 

cause IUGR during late gestation, more research should be conducted on evaluating 

plasma concentrations of oxidative stress markers from d 90 until farrowing.   

In the current study, small piglets had higher plasma concentrations of MDA than 

Large piglets.  There is a dearth of information regarding the relationship between 

oxidative status and birth weight in pigs.  However, Franco et al. (2007) evaluated the 

parameters of lipid peroxidation in children born with low birth weight.  They found that 

concentrations of MDA were greater in children born small relative to their gestational 

age.  Thus, even though smaller fetuses survived until birth, piglets born with low birth 

weight might be under conditions of oxidative stress.  These stressed piglets are more 

susceptible to hypothermia and thus have low viability (Rooke et al., 1998; Herpin et al., 

2002; Wolf et al., 2008).  Therefore, sows fed DDGS-containing diets with a high 

peroxidation level may produce light weight pigs with low viability, and these pigs had a 

higher chance of being dead at birth.   

Degree of metabolic oxidative stress in sows within 24 h after farrowing and 

newborns before suckling and plasma AA concentrations of sows and newborns were 

evaluated.  Levels of S-containing AA (Cys, Met, and Tau), His, Glu, and Gly in sow 
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diets were similar among treatments within reproductive phases.  Dietary treatments did 

not affect concentrations of Met, Tau, His, Glu, and Gly in the plasma of sows within 24 

h after farrowing or concentrations of Met, Tau, and Glu in the plasma of newborns 

before suckling.  However, plasma His and Gly concentrations in piglets born to LOD- or 

HOD-fed sows were greater than those born to CON-fed sows.  Glutathione, a tripeptide 

(Cys-Glu-Gly), and Tau are antioxidants that function in preventing oxidative damage to 

cells caused by reactive oxygen species such as free radicals and peroxides (Kerai et al., 

1998; Pompella et al., 2003).  Sulfur, a very important element of glutathione, can be 

incorporated into Met and Cys by sulfate-reducing bacteria in ruminants (Brosnan and 

Brosnan, 2006) and this same incorporation may happen in pigs (Kerr et al., 2011).  

Methionine can be converted to Cys through a trans-sulfuration pathway under oxidative 

challenge to produce glutathione and Tau (Stipanuk et al., 2004).  Although S 

concentrations were higher in the HOD-containing diets in gestation compared with LOD 

or CON, similar levels of S-containing AA (Met and Tau) in sow diets, plasma of sows 

within 24 h after farrowing, and plasma of newborns before suckling suggest that excess 

S in sow diets was not incorporated into S-containing AA in the current study.  However, 

there is a lack of information concerning the antioxidant defense system and oxidative 

stress of sows during late gestation.  Histamine, derived from the decarboxylation of His, 

is produced to trigger an inflammatory response under oxidative stress (Hansson et al., 

1999).  The increase of His concentrations in piglets born to LOD- or HOD-fed sows 

indicates that newborns may have an inflammatory response against oxidative stress 

(Hellstrand et al., 2000).  Increased plasma concentrations of Gly (one component of 

glutathione) in pigs born to LOD- or HOD-fed sows suggests these piglets may exhibit an 
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enhanced antioxidant defense system (Senthilkumar et al., 2004; Liu et al., 2011).  The 

amount of antioxidants in vivo is very important in maintaining a balance between the 

antioxidant defense system and oxidative stress caused by lipid peroxidation (Hansen, 

2010).  The observation that dietary treatment did not change MDA concentrations in the 

plasma of sows within 24 h after farrowing and newborns before suckling indicates that 

sows and newborns can maintain a balance between the antioxidant defense system and 

oxidative stress caused by lipid oxidation after farrowing.  However, the metabolic 

oxidative status of sows in late gestation awaits further investigation. 

We found that continuously feeding a high level of LOD or HOD (Sow diets, 40% 

in gestation and 20% in lactation; Progeny diets, 30% from weaning to finishing) reduced 

final BW of finishing pigs.  But, growth rate of young pigs (phase I, II, III, and IV) was 

not affected by dietary treatments.  In contrast, Tran et al. (2012) found pigs fed 30% 

DDGS in phase II and III had lower ADG than pigs offered control diets in all 3 phases 

(phase I, d 0 to 7; phase II, d 7 to 21; and phase III, d 21 to 42).  In the current study, 

ADG was lower in older pigs (phase V, VI, and VII) fed HOD-containing diets compared 

with pigs fed CON.  Regardless of the peroxidation level of DDGS, the reduction of 

ADG in pigs fed 30% DDGS in the current study is in agreement with some previous 

studies (Cook et al., 2005; Augspurger et al., 2008; Xu et al., 2010a).  However, some 

studies showed that ADG of pigs was not changed when including 30% DDGS in 

growing-finishing diets (Fu et al., 2004; Whitney et al., 2006c; Linneen et al., 2008).  The 

discrepancy in the responses of growth rate may be explained by various energy 

concentrations, nutrient digestibility, and variation in quality among DDGS sources used 

in these studies (Stein and Shurson, 2009).  However, no differences in overall ADG of 
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pigs from weaning to finishing among dietary treatments in this study suggest that 

feeding oxidized DDGS does not affect pig growth after weaning.  

Dietary LOD decreased ADFI of pigs in phase V, VI, and VII, and throughout the 

study compared with dietary HOD or CON.  The G:F at phase I was improved when 

feeding LOD or HOD to pigs compared with feeding CON.  Feeding CON or LOD to 

pigs from weaning to finishing tended to improve the overall G:F compared with feeding 

HOD.  Different responses have been reported for ADFI and G:F when pigs received 

diets containing 30% DDGS in the growing-finishing period (Whitney et al., 2006c; 

Linneen et al., 2008; Xu et al., 2010b).  Many factors affect feed intake of pigs including 

the energy density of diets, ambient temperature, immune status, stocking density, sex, 

genetic heredity, as well as diet palatability and flavor (Ellis and Augspurger, 2001).  

Many of these factors were controlled through management practices in the current study 

except for palatability and flavors of diets.  Pigs prefer consuming diets high in 

palatability (Ermer et al., 1994; Yang et al., 1997).  The palatability of diets is correlated 

positively to the sense of smell prior to pigs consuming the feed (Frederick and van 

Heugten, 2002).  Cromwell et al. (1993) suggested that dark colored DDGS has a burnt 

smell, which is likely caused by the Millard reaction during the drying process of DDGS 

production.  However, in this study, pigs preferred to consume HOD (dark colored 

DDGS) and CON rather than LOD (light colored DDGS), which indicate that palatability 

of HOD-containing diets was not a problem.  

Some studies have reported decreases in 10th rib backfat depth (Azain et al., 2009; 

Dahlen et al., 2011; Barnes et al., 2012) and loin eye area (Whitney et al., 2006c; Gaines 

et al., 2007a) of DDGS-fed pigs.  However, other experiments have demonstrated that 
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dietary DDGS fed to pigs has no effect on 10th rib backfat depth and loin eye area (Fu et 

al., 2004; Linneen et al., 2008; Leick et al., 2010).  One apparent explanation for 

reductions of backfat depth and loin eye area at the 10th rib observed in the current study 

is that LOD- or HOD-fed pigs had lighter carcass weight.  The high fiber content in 

DDGS-containing diets compared with control diets could be another reason for the 

decrease of backfat depth and loin eye area at 10th rib (Stein and Shurson, 2009).  In the 

present study, ADF content in LOD or HOD-containing diet were consistently higher 

than CON from phase I to VII (Phase I, 6.09% or 5.49% vs. 2.62%; Phase II, 4.68% or 

6.16% vs. 3.34%; Phase III, 4.66% or 6.17% vs. 3.31%; Phase IV, 4.65% or 6.20% vs. 

3.30%; Phase V, 4.50% or 5.98% vs. 3.19%; Phase VI, 4.49% or 5.99% vs. 3.13%; Phase 

VII, 4.45% or 5.92% vs. 2.98%).  High-fiber diets can increase the volume of intestinal 

fluid and the weight of digesta (Kass et al., 1980; Pluske et al., 2003) through improving 

intestinal cell growth and proliferation (Jin et al., 1994; Gill et al., 2000).  More 

maintenance energy is required for heavier intestines and other visceral organs, such as 

stomach and liver (Kass et al., 1980; Stanogias and Pearce, 1985; Pond et al., 1989).  This 

leads more nutrients to be diverted away from the production of adipose tissue and 

carcass lean (Johnson et al., 1990).  In the current study, backfat and loin depth at the 10th 

rib were lower in LOD- or HOD-fed pigs than CON-fed pigs, but there were no 

differences between pigs fed HOD and LOD.  Dietary LOD or HOD fed to pigs reduced 

HCW compared with feeding CON to pigs from weaning to finishing.  After using final 

BW of pigs to adjust means of HCW, 10th-rib backfat depth, and 10th-rib loin eye area, 

the difference in 10th-rib loin eye area was eliminated and only a trend of difference in 

HCW and 10th-rib backfat depth between DDGS (LOD or HOD) and control diets was 
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apparent.  Thus, the smaller BW at harvest of pigs fed LOD or HOD mainly contributed 

to the decrease in loin eye area at the 10th rib and likely caused reductions in HCW and 

10th-rib backfat depth to some extent.  The combination of lighter BW and HCW at 

slaughter of LOD- or HOD-fed pigs explains why dressing percentage was unchanged 

rather than decreased as is often reported. 

Throughout the study, ADG of Large pigs was greater than Small pigs within 

dietary treatment.  At farrowing, we recorded individual birth weight of pigs before 

allowing consumption of colostrum.  Piglets born with low birth weight are not as 

competitive as their littermates to access functional and productive teats and 

consequently, suckle less colostrum and milk after birth (English and Morrison, 1984).  

As a result, these pigs have poorer energy storage, immunity, and nutrition due to the 

lower consumption of colostrum and milk during the pre-weaning period (Quiniou et al., 

2002).  Therefore, small piglets exhibit a slower post-weaning growth compared to their 

littermates (Milligan et al., 2002; Beaulieu et al., 2010).  Because Small pigs grew slower 

than Large pigs regardless of dietary treatment, it appears that maternal diet had no 

unique effects on fetal programming.   

Gondret et al. (2006) suggested that low birth weight piglets exhibit lighter 

carcasses with more fat and less lean than those born with average or heavy birth weights.  

In the current study, Small pigs had lighter carcass weight compared with Large pigs fed 

the same diet.  This response corresponds to the final BW where pigs from the Small 

group within dietary treatment had lighter BW at harvest than those from the Large group 

fed the same diet.  However, we did not find any differences in carcass fat or lean content 

between Small and Large pigs within any dietary treatments.  The total number of muscle 
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fibers (primary and secondary) is an important determinant of muscle mass in the pig 

(Miller et al., 1975).  Secondary muscle fibers which followed the development of 

primary fibers, are susceptible to maternal nutrition (Ward and Stickland, 1991).  The 

number of secondary muscle fibers is responsible for the within-litter variation of piglets 

after birth (Dwyer and Stickland, 1991).  Wigmore and Stickland (1983) have 

demonstrated that muscle fiber hyperplasia is complete by d 90 of gestation and muscle 

fiber hypertrophy occurs after birth.  The unchanged carcass lean content between the 

Small and Large pigs in this study indicates that the hyperplasia of muscle fibers was not 

affected by maternal diets that contained LOD or HOD.  

Summary 

Feeding HOD to sows increased the number of stillborn pigs weighing lower 

than 1.0 kg, which may indicate elevated oxidative stress in late gestation.  Feeding 

HOD increases within-litter variation in piglet birth weight by altering the distribution 

of piglet birth weight within litter and farrowing fewer medium sized piglets.  Feeding 

HOD to sows did not appear to increase the incidence of low birth weight pigs at 

farrowing.  Continuously feeding LOD or HOD to sows during gestation and lactation 

and to nursery and growing-finishing pigs reduced final BW of pigs at harvest.  

However, it does not appear that HOD was more detrimental than LOD, which 

suggests feeding HOD to sows did not have specific lasting effects on postnatal 

performance of progeny.  Small pigs exhibited an elevated concentration of MDA, 

slower growth rate and lighter carcass weight compared with Large pigs within dietary 

treatment.  Thus, feeding DDGS at various levels of oxidation to sows does not appear 

to influence the number of low birth weight pigs and postnatal performance.  
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