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ABSTRACT: Inclusion of up to 0.38% S in diets that
contain 30% distillers dried grains with solubles (DDGS)
has no negative effect on growth performance of growing–finishing pigs, but there is no information about the
effects of dietary S on accumulation of S in tissues in
pigs. Therefore, the objective of this experiment was to
determine if the concentration of S in diets containing
DDGS affects carcass characteristics, loin quality, or tissue mineral concentrations in growing–finishing pigs.
A total of 120 barrows (34.2 ± 2.3 kg BW) were allotted to 3 dietary treatments with 10 replicate pens and
4 pigs per pen in a randomized complete block design.
Pigs were fed grower diets for 42 d and finisher diets for
42 d. At the conclusion of the experiment, the pig in each
pen with the BW closest to the pen average was slaughtered. The control diet was based on corn and soybean
meal and the finisher diet contained 0.14% S, 0.19 mg/kg
Se, and 15.3 mg/kg Cu. The DDGS diet was formulated
with corn, soybean meal, and 30% DDGS and the finisher diet with DDGS contained 0.16% S, 0.32 mg/kg Se,
and 14.0 mg/kg Cu. The DDGS plus S (DDGS-S) diet
was similar to the DDGS diet, except that 1.10% CaSO4
(16.2% S) was included in this diet, and the finisher diet

with DDGS-S contained 0.37% S, 0.35 mg/kg Se, and
13.8 mg/kg Cu. Results indicated that organ weights and
loin quality, 24-h pH, drip loss, loin subjective color,
marbling, and firmness did not differ among treatments,
but loin a* was greater (P < 0.05) for pigs fed the control
diet than for pigs fed the DDGS-S diet. Concentrations
of S in hair, liver, heart, loin, and all other tissues did not
differ among treatments, but urinary S concentration was
greater (P < 0.05) for pigs fed the DDGS-S diet than for
pigs fed the other diets. Pigs fed the DDGS diet or the
DDGS-S diet had greater (P < 0.01) concentrations of Se
in hair, liver, heart, and loin than pigs fed the control diet,
but liver concentrations of Cu did not differ among treatments. In conclusion, inclusion of 30% DDGS in diets
fed to growing–finishing pigs did not influence carcass
characteristics or tissue S concentrations regardless of S
concentration in the diet, and excess dietary S was excreted in the urine. However, because of the greater concentration of Se in DDGS than in corn and soybean meal
and, therefore, greater concentrations in DDGS-containing diets, tissue concentrations of Se were increased in
pigs fed diets that contained DDGS. In contrast, dietary
DDGS did not influence liver concentrations of Cu.
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Distillers dried grains with solubles (DDGS) may
contain relatively large quantities of S, but the concentration of S in DDGS vary among DDGS sources due
to different production strategies in ethanol plants (Kerr
et al., 2008; Kim et al., 2012). It is suggested that cattle
should not be fed more than 0.40% S on a DM basis
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(NRC, 1996), but there are limited data on the tolerable
concentration of S in diets fed to pigs. In our recent experiments using both weanling pigs and growing–finishing pigs, neither growth nor feed palatability was influenced by up to 0.38% S in diets containing DDGS (Kim
et al., 2012). However, whether or not elevated concentrations of dietary S results in increased concentrations of
S in the tissues of pigs, changes in carcass characteristics,
or reduced quality of pork loins is not known.
Increased dietary concentrations of Se and Cu may
increase tissue concentrations of Se and Cu in pigs (Mahan et al., 2005). Concentrations of Se and Cu in DDGS
are greater than in corn (NRC, 2012). Therefore, it is expected that inclusion of DDGS in diets fed to pigs will
increase concentrations of Se and Cu in diets containing DDGS and subsequently in body tissues of pigs fed
DDGS-containing diets, but this hypothesis has not been
tested. However, elevated concentrations of dietary S apparently reduced absorption and retention of Se and Cu in
rats (Halverson et al., 1962; Ardüser et al., 1985) and in
ruminant animals (Suttle, 1991; Ivancic and Weiss, 2001),
but to our knowledge, no data on the effect of dietary S
on retention of Se and Cu in pigs have been reported. The
objective of this experiment, therefore, was to test the hypothesis that DDGS influences retention of S, Se, and Cu
in growing–finishing pigs and to investigate if an elevated
level of dietary S affects carcass composition and quality
and tissue concentrations of S, Se, and Cu.
MATERIALS AND METHODS
The Institutional Animal Care and Use Committee at
the University of Illinois approved the protocol for the
experiment.
Animals and Diets
The procedure for animal care and handling, experimental design, and dietary treatments were described in
detail by Kim et al. (2012). Briefly, a total of 120 growing barrows with an average initial BW of 34.2 kg (SD
= 2.3) were allotted to 3 dietary treatments with 10 replicate pens per treatment and 4 pigs per pen. Pigs were
blocked in a randomized complete block design using
the Experimental Animal Allotment Program (Kim and
Lindemann, 2007) with initial BW as the blocking factor.
Pigs were fed the experimental diets in a 2-phase program
with grower and finisher diets being provided during the
initial 42 d and the last 42 d, respectively. Three diets
were prepared in each phase (Table 1). The control diet
contained corn and soybean meal, whereas the DDGS
diet contained corn, soybean meal, and 30% DDGS (asfed basis). The third diet DDGS plus S (DDGS-S) diet
was similar to the DDGS diet, but included 1.10% (as-fed

Table 1. Ingredient composition of experimental diets,
1 as-is basis1
Diet2

Ingredient, %
Ground corn
Soybean meal,
48% CP
DDGS3
l-Lys

HCl

l-Thr

Growing period
(0 to 42 d)

Finishing period
(43 to 84 d)

Control DDGS DDGS-S

Control DDGS DDGS-S

74.65
23.00

61.33
6.00

60.90
6.00

81.90
16.00

67.65
–

67.22
–

–
–
–
–
0.85

30.00
0.43
0.03
0.04
–

30.00
0.43
0.03
0.04
–

–
–
–
–
0.90

30.00
0.40
–
0.05
–

30.00
0.40
–
0.05
–

0.50

1.20

0.53

–
0.40
0.30

–
0.40
0.30

1.10
0.40
0.30

100.00

100.00

100.00

l-Trp
Dicalcium
phosphate
Ground
0.80
1.47
0.80
limestone
Calcium sulfate
–
–
1.10
Sodium chloride
0.40
0.40
0.40
0.30
0.30
0.30
Vitamin–mineral
premix4
Total
100.00 100.00 100.00

1Ingredient

composition of experimental diets was also reported by Kim
et al. (2012).
2Control = control diet; DDGS = diet containing 30% distillers dried grains
with solubles (DDGS); DDGS-S = diet containing 30% DDGS and 1.10% CaSO4.
3Analyzed nutrient composition of DDGS (as-is basis): CP, 25.80%; ADF,
9.98%; NDF, 32.78%; Ca, 0.02%; P, 0.68%, S, 0.30%; Arg, 1.09%; His, 0.71;
Ile, 0.99%; Leu, 2.88%; Lys, 0.77%; Met, 0.49%; Phe, 1.22; Thr, 0.91; Trp,
0.18; and Val, 1.27.
4The vitamin–micromineral premix provided the following quantities of vitamins and microminerals per kilogram of the complete diet: vitamin A as retinyl
acetate, 11,128 IU; vitamin D3 as cholecalciferol, 2,204 IU; vitamin E as DLalpha tocopheryl acetate, 66 IU; vitamin K as menadione nicotinamide bisulfate,
1.42 mg; thiamin as thiamine mononitrate, 0.24 mg; riboflavin, 6.58 mg; pyridoxine as pyridoxine hydrochloride, 0.24 mg; vitamin B12, 0.03 mg; D-pantothenic
acid as D-calcium pantothenate, 23.5 mg; niacin as nicotinamide and nicotinic
acid, 44 mg; folic acid, 1.58 mg; biotin, 0.44 mg; Cu, 10 mg as copper sulfate; Fe,
125 mg as iron sulfate; I, 1.26 mg as potassium iodate; Mn, 60 mg as manganese
sulfate; Se, 0.3 mg as sodium selenite; and Zn, 100 mg as zinc oxide.

basis) calcium sulfate (CaSO4; 21.9% Ca and 16.2% S)
at the expense of corn and limestone. The same batch of
DDGS was used for preparing the 2 DDGS-containing diets in both phases. The concentration of S in DDGS used
in this experiment was 0.30%, which is considered the
least concentration that is observed in commercial DDGS
(Kim et al., 2012). Inclusion of 1.10% CaSO4 to diets
containing 30% DDGS contributed an additional 0.18% S
to the diets and analyzed concentrations of S in the diet for
growing and finishing pigs were 0.38 and 0.37%, respectively (Table 2). These concentrations of S correspond to
the concentrations of S that would have been expected in
the diets if a source of DDGS that contained 0.90% S had
been used. Concentrations of S in DDGS vary between
0.30 and 0.90% (as-fed basis; Kerr et al., 2008; Kim
et al., 2012). By using a low-S source of DDGS either
without or with added S, we attempted to specifically investigate the effects of dietary S on response parameters.
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Table 2. Analyzed composition of experimental diets,1
as-is basis
Diet2
Growing period (0 to 42 d)

Finishing period (43 to 84 d)

Item

Control

DDGS DDGS-S

Control

DDGS DDGS-S

GE, kcal/kg
ME, kcal/kg3

3,769
3,330
17.0
1.08
0.48
0.75
1.57
0.92
0.27
0.86
0.62
0.21
0.84
2.34

3,997
3,348
16.2
0.70
0.41
0.54
1.54
0.89
0.26
0.65
0.51
0.18
0.69
4.18

3,784
3,333
16.4
0.74
0.43
0.57
1.64
0.83
0.27
0.73
0.56
0.18
0.72
4.43

3,784
3,342
13.4
0.84
0.40
0.56
1.28
0.70
0.22
0.68
0.51
0.16
0.65
2.46

4,024
3,361
14.0
0.54
0.35
0.42
1.34
0.61
0.23
0.56
0.43
0.16
0.57
4.01

4,007
3,347
13.9
0.56
0.36
0.44
1.43
0.75
0.24
0.59
0.45
0.16
0.59
4.58

9.34
2.52
0.58
0.49
0.17
11.20
0.328

15.85
4.52
0.76
0.40
0.19
12.60
0.417

16.89
4.14
0.67
0.40
0.38
14.50
0.446

9.67
2.71
0.54
0.48
0.14
15.30
0.193

15.99
4.06
0.65
0.39
0.16
14.00
0.315

16.70
4.16
0.51
0.37
0.37
13.80
0.346

CP, %
Arg, %
His, %
Ile, %
Leu, %
Lys, %
Met, %
Phe, %
Thr, %
Trp, %
Val, %
Ether
extract, %
NDF, %
ADF, %
Ca, %
P, %
S, %
Cu, mg/kg
Se, mg/kg

1All data except concentrations of Cu and Se were reported previously
(Kim et al., 2012).
2Control = control diet; DDGS = diet containing 30% distillers dried grains
with solubles (DDGS); DDGS-S = diet containing 30% DDGS and 1.10% CaSO4.
3Values for ME were calculated from NRC (1998); all other values were
analyzed.

This approach was chosen instead of using both a low-S
source of DDGS and a high-S source of DDGS because if
2 different sources of DDGS were used, results might be
confounded by differences other than the concentration of
S between the 2 sources of DDGS.
Energy and all nutrients, including vitamins and
minerals, were included in the diets to meet or exceed
estimated nutrient requirements (NRC, 1998) of pigs
during the growing and finishing phases. The same
quantity of the vitamin–micromineral premix was added
to all diets so any differences among diets in concentrations of S, Se, and Cu was a result of different inclusion
rates of corn, soybean meal, DDGS, and CaSO4. All diets within each phase provided similar concentrations of
ME, CP, and digestible P. Pigs had ad libitum access to
feed and water during the entire experiment.
Carcass Evaluation, Sample Collection,
and Chemical Analyses
At the conclusion of the experiment, the pig in each
pen that had a BW that was closest to the mean BW of

the 4 pigs in the pen was transported to the Meat Science Laboratory at the University of Illinois (Urbana,
IL). After an overnight fast, the live BW of each pig
was recorded and pigs were slaughtered following the
procedure described by Carr et al. (2005). Hair samples
were collected along the dorsal midline of the shoulder
before slaughter. Blood samples were collected during
exanguination and urine samples were collected directly
from the bladder. The liver, kidney, heart, and spleen of
each pig were collected, patted dry, and weighed. Approximately 30 cm of the distal ileum was collected just
cranial to the ileocecal junction and rinsed with water to
remove digesta. All samples were placed in a plastic bag
and stored at –20°C until analyzed.
The HCW was recorded before carcasses were
placed in a cooler at –4°C. At 24 h postmortem, the carcass length, 10th-rib fat depth, and 10th-rib loin area
were measured following the procedures described by
the National Pork Producers Council (2000). Carcass
fat-free lean and percentage of carcass fat-free lean relative to HCW was calculated according to the National
Pork Producers Council (2000). The pH of each loin
was measured at the 10th rib by a SFK star probe (SFK
Technologies Inc., Cedar Rapids, IA) 24 h postmortem.
The objective loin color for L*, a*, and b* were measured using a Minolta chromameter (Minolta Camera
Co., Osaka, Japan). Subjective color on a scale from 1 to
6 (1 = pale pinkish gray to white and 6 = dark purplish
red), marbling on a scale from 1 to 10 (1 = devoid and
10 = abundant), and firmness on a scale from 1 to 5 (1
= very soft and watery and 5 = very firm and dry) were
determined as described by the National Pork Producers Council (2000). A 2.5-cm loin chop at the 10th rib
was collected, placed in a plastic Whirl-Pak bag (Uline,
Pleasant Prairie, WI), and suspended from a fish hook
for 24 h. Drip loss was then calculated by the difference
between initial and final weight of the loin chop.
Diets were analyzed for GE using an adiabatic bomb
calorimeter (model 6300; Parr Instruments, Moline, IL),
CP (method 930.15; Hortwitz and Latimer, 2007), AA
by an AA analyzer (model L8800; Hitachi High Technologies America, Inc., Pleasanton, CA; method 982.30
E; Hortwitz and Latimer, 2007), ether extract (method
2003.16; Hortwitz and Latimer, 2007), NDF (Holst,
1973), ADF (method 973.18; Hortwitz and Latimer,
2007), Ca (method 968.08; Hortwitz and Latimer, 2007),
and P (method 975.03; Hortwitz and Latimer, 2007). All
collected tissue samples and loin chops were ground using a food processor, lyophilized, and ground again in a
coffee grinder. Concentrations of S in diet, tissue, hair,
urine, and loin samples were analyzed using a thermal
combustion method (Kerr et al., 2008). Concentrations
of Se in diet, tissue, hair, and loin samples were measured by inductively coupled plasma spectroscopic tech-
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nology according to Mahan et al. (2005). Diet and liver
samples were also analyzed for Cu by atomic absorption
spectroscopy (Shaw et al., 2002). The tissues that were
analyzed for Se are the tissues that are most likely to
have elevated concentrations of Se if increased quantities of Se are available (Mahan et al., 2005). In contrast, the liver is the tissue with the greatest storage of
Cu (Turnlund, 1998), which is the reason liver samples
were used for Cu analysis.
Statistical Analysis
Data were analyzed as a randomized complete block
design using the Proc Mixed procedure of SAS (SAS
Inst. Inc., Cary, NC). The model included dietary treatment as the fixed effect and replicate as the random effect.
The LSMEANS procedure was used to calculate mean
values for all treatments. Least squares means were reported along with the SEM for all measurements. When
treatment effect was significant, least squares means
among treatments were compared in a pairwise manner
using the probability of differences (PDIFF) option with
a Tukey adjustment of SAS. The differences were converted to letter superscripts using the PDMIX800 macro
in SAS (Saxton, 1998). The pig was the experimental
unit. For carcass length, 10th-rib fat depth, and loin area,
data were calculated both without and with HCW as a
covariate in the model. An α-value of 0.05 was used to
assess significance among means.
RESULTS
Carcass Characteristics and LM Quality
The slaughter weight and HCW was less (P < 0.05)
for pigs fed the DDGS diet or the DDGS-S diet than for
pigs fed the control diet (Table 3). Carcass length was
less (P < 0.05) for pigs fed the DDGS diet than for pigs
fed the control diet, but pigs fed the DDGS-S diet had
carcass length that was not different from that of pigs
fed the control diet or the DDGS diet. However, values
for carcass length that were adjusted by using HCW as
a covariate were not affected by dietary treatments. Carcass fat-free lean was greatest (P < 0.05) for pigs fed the
control diet, but least (P < 0.05) for pigs fed the DDGS
diet. There were, however, no differences in carcass
characteristics between pigs fed the DDGS diet and pigs
fed the DDGS-S diet.
For loin quality, 24-h pH, drip loss, and subjective
scores for color, marbling, and firmness, no differences
among treatments were observed (Table 4). Redness
value was greater (P < 0.05) for pigs fed the control diet
than for pigs fed the DDGS-S diet, but the value for pigs
fed the DDGS diet was not different from the values for

Table 3. Carcass characteristics of pigs fed experimental
diets1
Diet2
Item
Carcass characteristics
Slaughter wt, kg
HCW, kg
Dressing percentage, %
Carcass length, cm
10th-rib fat depth, cm
LM area, cm2
Adjusted carcass
length,3 cm
Adjusted 10th-rib fat
depth,3 cm
Adjusted LM area,3 cm2
Carcass fat-free lean, kg
Carcass fat-free lean, %
of HCW

Control DDGS DDGS-S SEM P-value
116.8a
87.9a
75.2
85.5a
28.7
38.9
84.7

107.8b
80.7b
74.8
82.8b
30.2
36.4
83.2

108.6b
80.9b
74.5
83.0ab
26.7
37.8
83.4

2.0
1.7
0.4
0.8
1.6
0.9
0.8

<0.01
<0.01
0.31
<0.01
0.30
0.14
0.44

27.4

30.9

27.3

1.7

0.22

38.2
41.8a
47.6

36.8
37.3b
46.2

38.2
39.1ab
48.3

0.9
1.0
0.9

0.43
<0.01
0.22

a,bMeans

within a row lacking a common superscript letter are different
(P < 0.05).
1Data are least squares means of 10 pigs per treatment.
2Control = control diet; DDGS = diet containing 30% distillers dried grains
with solubles (DDGS); DDGS-S = diet containing 30% DDGS and 1.10% CaSO4.
3Adjusted values are calculated using HCW as a covariate.

pigs fed the other diets. Lightness and b* values were
not affected by dietary treatments.
Organ Weights and Tissue Mineral Concentrations
The weight of the liver and kidney was less (P <
0.05) for pigs fed the DDGS diet than for pigs fed the
control diet, but values for pigs fed the DDGS-S diet
were not different from values for pigs fed the other
diets (Table 5). Percentage weight of the liver, kidney,
heart, and spleen relative to BW or empty BW did not
differ among treatments.
Concentrations of S in liver, kidney, heart, spleen,
loin, hair, and blood were not affected by dietary treatments, but the concentration of S in intestinal tissue
collected from the distal ileum was less (P < 0.05) in
pigs fed the DDGS-S diet than in pigs fed the control
diet (Table 6). In contrast, urinary S concentration was
greater (P < 0.05) for pigs fed the DDGS-S diet than for
pigs fed the control diet or the DDGS diet.
Concentrations of Se in liver, loin, and hair were
greater (P < 0.05) for pigs fed the DDGS diet or the
DDGS-S diet than for pigs fed the control diet, but values did not differ between pigs fed the DDGS diet and
pigs fed the DDGS-S diet. Concentration of Se in the
heart was greatest (P < 0.05) for pigs fed the DDGS-S
diet, and pigs fed the DDGS diet also had a greater (P <
0.05) concentration of Se in the heart than pigs fed the
control diet. The concentration of Cu in the liver was not
affected by dietary treatments.
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Table 4. The LM quality of pigs fed experimental diets1

Table 5. Organ weights of pigs fed experimental diets1

Diet2
Item
24-h pH
Drip loss, %
Minolta color score
L*
a*
b*
Subjective score3
Color
Marbling
Firmness

Diet2

Control

DDGS

DDGS-S

SEM

P-value

5.48
4.74

5.49
5.41

5.53
3.39

0.02
0.80

0.37
0.21

51.29
8.62a
5.53

51.82
7.51ab
5.17

49.31
7.39b
4.72

1.10
0.37
0.37

0.25
0.04
0.32

2.40
1.70
2.10

2.70
2.30
2.40

2.70
2.50
2.90

0.18
0.26
0.27

0.40
0.10
0.13

a,bMeans within a row lacking a common superscript letter are different
(P < 0.05).
1Data are least squares means of 10 pigs per treatment.
2Control = control diet; DDGS = diet containing 30% distillers dried grains
with solubles (DDGS); DDGS-S = diet containing 30% DDGS and 1.10% CaSO4.
3Color (1 = pale pinkish gray to white and 6 = dark purplish red), marbling
(1 = 1.0% intramuscular fat and 10 = 10% intramuscular fat), and firmness (1
= soft and 6 = very firm).

Item

Control

Organ wt, kg
Liver
1.86a
Kidney
0.37a
Heart
0.47
Spleen
0.22
Organ wt, % of BW
Liver
1.60
Kidney
0.32
Heart
0.40
Spleen
0.19
Organ wt, % of empty BW
Liver
2.13
Kidney
0.42
Heart
0.53
Spleen
0.25

DDGS

DDGS-S

SEM

P-value

1.66b
0.33b
0.43
0.19

1.77ab
0.35ab
0.45
0.20

0.06
0.01
0.02
0.01

<0.05
0.03
0.26
0.17

1.55
0.31
0.40
0.18

1.62
0.32
0.42
0.19

0.06
0.01
0.01
0.01

0.63
0.31
0.45
0.74

2.07
0.41
0.53
0.24

2.18
0.44
0.56
0.25

0.08
0.01
0.02
0.01

0.63
0.29
0.34
0.74

a,bMeans within a row lacking a common superscript letter are different
(P < 0.05).
1Data

are least squares means of 10 pigs per treatment.
= control diet; DDGS = diet containing 30% distillers dried grains
with solubles (DDGS); DDGS-S = diet containing 30% DDGS and 1.10% CaSO4.
2Control

DISCUSSION
Carcass Characteristics and LM Quality
The decrease in slaughter weight and HCW for pigs fed
the DDGS diet or the DDGS-S diet is a consequence of decreased final BW for these pigs compared with pigs fed the
control diet. Pigs fed both DDGS-containing diets had a reduced ADG compared with pigs fed the control diet, which
is the reason for the reduced final BW (Kim et al., 2012).
This observation is in agreement with data from Whitney et
al. (2006), who reported that feeding 30% DDGS to growing and finishing pigs decreased final BW and, therefore,
decreased slaughter weight and HCW. The reduced carcass length and carcass fat-free lean weight for pigs fed the
DDGS-containing diets compared with pigs fed the control
diet was also a result of the reduced HCW, which is the reason no differences in carcass length were observed if HCW
was used as a covariant in the calculations.
These observations indicate that it is the reduced
weight at harvest rather than dietary DDGS that influences carcass length of pigs at harvest. The fact that carcass leanness and backfat were not influenced by dietary
treatments is in agreement with results of most previous
experiments (Stein and Shurson, 2009). Results of this
experiment, however, also indicate that the concentration of dietary S has no impact on carcass characteristics.
The observation that measures of LM quality were not
influenced by the inclusion of DDGS in the diets is in
agreement with data from Whitney et al. (2006) and Xu
et al. (2010a), whereas Xu et al. (2010b) reported that
pigs fed diets containing 30% DDGS had decreased subjective loin marbling and firmness scores.

The fact that loin L* values were not influenced by
DDGS in the diets agrees with previous experiments
(Whitney et al., 2006; Xu et al., 2010a,b); however, Xu et
al. (2010b) and Widmer et al. (2008) reported a decrease
in loin b* value for pigs fed diets containing 20 or 30%
DDGS, but in the present experiment, no differences in
b* values were observed. These differences among experiments may be a result of differences in the quality
among sources of DDGS, feeding duration of DDGS,
and methodologies used to measure loin quality. The reduced loin a* value that was obtained for pigs fed the diet
containing 30% DDGS and additional S, but not for pigs
fed the diet with 30% DDGS and no additional S, could
potentially reflect an increased percentage of white fibers
(Type IIb) relative to intermediate fibers (Type IIa) or decreased amounts of oxymyoglobin in the muscle (Carr et
al., 2005). However, to our knowledge, there is no evidence that high concentration of S in the diet influences
muscle fiber composition and oxygen-binding capacity of
myoglobin. Therefore, the reason for the decreased loin
a* value as 30% DDGS and additional S were included in
diets fed to pigs is not clear. The fact that no differences
in carcass characteristics and loin quality were observed
between pigs fed the DDGS diet and pigs fed the DDGSS diet indicates that additional S has no negative impact
on carcass characteristics and loin quality.
Organ Weight and Tissue Mineral Concentrations
The reduced weight of the liver and kidneys for pigs
fed the DDGS diet compared with pigs fed the con-
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Table 6. Tissue mineral concentrations in pigs fed
experimental diets1,2
Diet3
Item
S, mg/g
Liver
Kidney
Heart
Spleen
Loin
Distal ileum
Hair
Blood
Urine
Se, μg/g
Liver
Kidney
Heart
Loin
Hair
Cu, μg/g
Liver

Control

DDGS

DDGS-S

SEM

P-value

2.24
1.44
1.56
1.60
1.95
1.15a
40.2
1.06
0.60b

2.20
1.52
1.58
1.56
1.95
1.14a
40.0
1.04
0.63b

2.16
1.43
1.56
1.61
1.97
1.09b
40.5
1.02
1.07a

0.05
0.03
0.03
0.03
0.03
0.02
0.50
0.02
0.12

0.48
0.08
0.86
0.49
0.85
0.04
0.42
0.29
0.02

0.55b
1.66
0.19c
0.14b
0.55b

0.69a
1.72
0.30b
0.29a
0.65a

0.67a
1.68
0.33a
0.24a
0.70a

0.02
0.05
0.01
0.02
0.03

<0.01
0.59
<0.01
<0.01
<0.01

7.35

7.14

6.34

0.68

0.55

a–cMeans

within a row lacking a common superscript letter are different
(P < 0.05).
1Data are least squares means of 10 pigs per treatment.
2Mineral concentrations are on the basis of fresh samples.
3Control = control diet; DDGS = diet containing 30% distillers dried grains
with solubles (DDGS); DDGS-S = diet containing 30% DDGS and 1.10% CaSO4.

trol diet was likely a result of the decreased final BW
(Kim et al., 2012) and slaughter weight for these pigs.
If finishing pigs fed 30% DDGS have similar final BW
and slaughter weight as pigs fed a control diet without
DDGS, no differences in the weights of the liver, kidney,
heart, and spleen are observed (Gutierrez, 2009). The
fact that no differences in percentage weight of body
organs relative to slaughter weight or empty BW was
observed further indicates that DDGS per se does not
influence organ weights of pigs. Therefore, the reduced
dressing percentage of pigs fed diets containing DDGS
that has sometimes been reported (Stein and Shurson,
2009) appears not to be a result of differences in organ
weights of pigs fed diets containing DDGS. There was
also no effect on organ weights of feeding the DDGS-S
diets to pigs, which indicates that additional S in diets
does not alter organ growth and development in pigs.
Dietary S is readily absorbed from the gastrointestinal tracts of animals (Krijgsheld et al., 1979) and humans (Florin et al., 1991). Sulfur is stored in all body
cells, especially as keratin presented in the skin, hair,
and nails (Parcel, 2002). However, the lack of a detectable change in the concentration of S in tissues in the
body for pigs fed the high-S diet indicates that increased
absorption does not result in increased deposition of
S. Instead, excess absorbed S is excreted via the urine,
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which is the reason for the increased concentration of
S in urine that was observed for pigs fed the DDGS-S
diets. Therefore, S homeostasis is apparently regulated
at the renal level. We are not aware of other data investigating S homeostasis in pigs, but a similar observation
has been reported for Ca homeostasis (Stein et al., 2006).
The reason for the decreased concentration of S in
intestinal tissue from the distal ileum is not clear, but
intake of S in excess of the requirement may promote
intestinal S excretion in the form of mucin possibly due
to irritation of the intestinal mucosa caused by increased
synthesis of H2S (Florin et al., 1991; Kerr et al., 2011).
An increased expression of inflammatory cytokines in
the small intestine of pigs fed high-S diets has also been
demonstrated (Kerr et al., 2011). Therefore, the reduced
concentration of S in the intestinal tissue from the ileum
is possibly a result of excess endogenous secretion of
S, but more research is needed to verify this hypothesis.
Although the diets containing DDGS contained
more Se than diets without DDGS, the analyzed concentration of Se in these diets were less than the toxic
levels for pigs (Mahan et al., 2005; Mahan, 2008) and it
is, therefore, not expected that these levels will result in
any toxicity symptoms in pigs. However, the increased
concentrations of Se in liver, heart, loin, and hair of pigs
fed DDGS-containing diets compared with pigs fed the
control diets are likely a consequence of the greater concentrations of Se in the DDGS diets and the DDGS-S
diets than in the control diets. This observation is in
agreement with results of experiments indicating that dietary Se concentrations directly influence tissue Se concentrations in pigs (Ku et al., 1972; Mahan et al., 1999,
2005), but we are not aware of previous data that have
demonstrated that feeding of DDGS results in increased
deposition of Se in pig tissues.
The reason the concentration of Cu in the liver was
not affected by inclusion of 30% DDGS in the diet may
be that the concentration of Cu in the diets containing
DDGS, which ranged from 12.6 to 14.5 mg/kg, was adequate but not excessive, and hence additional storage
in the liver did not occur. Baker and Ammerman (1995)
reported that hepatic Cu concentrations in pigs linearly
increased with more than 150 mg/kg DM of Cu in diets,
whereas no change was observed if diets contained less
than 80 mg/kg DM of Cu. Results of this experiment
are, therefore, in agreement with the data by Baker and
Ammerman (1995).
Dietary S may decrease the absorption of Se in rats
(Halverson et al., 1962; Ardüser et al., 1985) and of Se
and Cu in ruminant animals (Pope et al., 1979; Suttle,
1991; Ivancic and Weiss, 2001) because of competition
for a common transport mechanism in the intestinal tract.
It is also possible that S and Se or Cu will form an unabsorbable complex in the intestinal tract, but such effects
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have not been demonstrated in pigs. The observation in
this experiment that there were no differences in tissue
concentrations of Se and Cu between pigs fed the DDGS
and the DDGS-S diets indicates that dietary concentrations of S of approximately 0.38% have no adverse effect on absorption and utilization of dietary Se and Cu in
pigs and it appears that pigs have greater tolerance for S
than ruminants and rats.
Conclusions
Results of this experiment indicated that diets fed
to growing–finishing pigs that contain 30% DDGS and
approximately 0.38% S had no negative effects on loin
quality or organ weight expressed as percentage of BW.
Likewise, with the exception of the concentration of S in
tissue collected from the distal ileum, dietary S did not
influence tissue concentrations of S, Se, or Cu. Pigs fed
S in excess of the requirement excreted the excess in the
urine and S homeostasis appears to be regulated at the
renal level. Inclusion of DDGS, which may contain 3 to
4 times as much Se as corn and soybean meal, in diets
fed to growing–finishing pigs increased the concentration of Se in hair and body tissues, but DDGS had no
effect on hepatic Cu concentration. The concentration of
S in diets containing DDGS did not affect the concentrations of Se and Cu in body tissues of pigs and there was
no evidence that S had a depressive effect on absorption
of Se and Cu when fed to pigs.
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