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analyzed by use of Near Infrared Reflectance Spectroscopy for common constituents, while
63 DDGS samples along with 11 corn samples were characterized for their non-starch
polysaccharide (NSP) content. The results indicated that the compositional profile of DDGS
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Ic(?é ‘;Vn‘;gf:com ssition reflected the nutrient content of the parent grain but with a greater content of remaining
Corn P nutrients (e.g. protein, fat, fibre and minerals) after fermentation of starch to ethanol. Corn
DDGS DDGS differentiated from wheat DDGS by a greater content of fat (P<0.006), insoluble-
Non-starch polysaccharides NSP (P<0.001), uronic acids (P<0.001), cellulose (P=0.032), and arabinose/xylose (P<0.001)
Variation - and uronic acid/xylose-ratio (P<0.001). Wheat DDGS differentiated from corn DDGS by
Wheat a greater content of ash (P=0.001), soluble-NSP (P<0.001), and Klason lignin (P<0.001).

Among the three sources of DDGS, the greatest variation was observed for the content
of soluble-NSPs, especially soluble arabinoxylan. Based on the compositional profiles of
the DDGS, principal component analysis allowed for a visual differentiation of corn DDGS
from five different ethanol plants, indicating the potential of each ethanol plant to produce
DDGS with consistent compositional characteristics. Furthermore, investigation of corn
and corresponding DDGS indicated that the NSP fraction is modified during the fermenta-
tion process, especially arabinoxylan, by an increase in soluble arabinoxylan proportion in
DDGS. In addition, the arabinose/xylose (P<0.001) and uronic acid/xylose-ratio (P<0.001)
were greater for corn, compared with corresponding DDGS, indicating modifications of the
endosperm arabinoxylan during the fermentation and drying process.
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1. Introduction

Distillers’ Dried Grains with Solubles (DDGS) is the major co-product from the dry-grind production of bioethanol from
cereal grains. After the conversion of grain starch to ethanol during the fermentation process, the non-fermentable part
remains, with an increase of all nutrients except starch compared with those in the parent grain. For both corn- and
wheat DDGS an increase of approximately 3-fold of nutrients such as protein, fat, vitamins, minerals and fibre is observed
(Widyaratne and Zijlstra, 2007; Stein and Shurson, 2009).

Compositional variability of DDGS from various bioethanol plants has previously been reported for both corn (Spiehs
et al., 2002; Belyea et al., 2004; Batal and Dale, 2006; Liu, 2011), and wheat origins (Nyachoti et al., 2005; Bandegan et al.,
2009; Cozannet et al., 2010). The variability in the chemical composition of DDGS is due to a number of factors including
differences in processing technologies among the bioethanol plants, and variability in chemical composition of the grains
(Liu, 2011; Olukosi and Adebiyi, 2013). The majority of the reported compositional profiles of DDGS have focused mainly
on common constituents such as crude protein (CP), crude fibre (CF), neutral detergent fibre, acid detergent fibre (ADF), fat,
minerals, and amino acids (Liu, 2011; Olukosi and Adebiyi, 2013). Non-starch polysaccharides (NSP) make up 25-30% of the
DDGS, with the two major components of the NSP being arabinoxylan and cellulose. Arabinoxylan consists of D-xylose units
joined by [-linkages substituted with arabinose residues along the chain (Kim et al., 2008). The substitution of arabinose
occurs randomly allowing other substitutes such as p-glucuronic acid and acetyl groups to attach to the xylan backbone
(Bedford, 1995). These random substitutes together with feruloylated arabinose residues induce the arabinoxylan cross-
linking to form strong heterogeneous intermolecular complexes, affecting the potential for enzymatic degradation along
with the potential encapsulation of nutrients within the cell wall (Hartley, 1973; Lequart et al., 1999; Lapierre et al., 2001;
Piber and Koehler, 2005). Despite the high content of NSPs in DDGS detailed characterization of the NSPs in DDGS is limited as
only a few reports describe the NSP composition (Widyaratne and Zijlstra, 2007; de Vries et al., 2013). Characterization of the
NSP composition in DDGS of various origins may contribute to the overall understanding and interpretation of opportunities
and limitations in DDGS degradation in vitro and in vivo, which is particularly useful for feed manufactures and enzyme
producers targeting DDGS degradation.

The current study describes the compositional profiles and extent of variation in DDGS from three different grain origins;
corn, wheat, and mixed cereal. A total of 138 DDGS samples from three sources of grain and 24 different bioethanol plants
were analyzed based on the common constituents, with detailed NSP profiles of 63 DDGS samples. Multivariate data analysis
was applied to the compositional data to determine grouping and separation of DDGS samples according to grain origins
and bioethanol plants.

2. Materials and methods
2.1. Materials

A total of 138 DDGS samples were collected from 24 ethanol plants in the U.S. and E.U., covering the following three
parent grain origins; corn, wheat, and a mix of cereal (mixed).

A total of 72 corn DDGS samples were collected from 21 different ethanol plants in the U.S.; 11 DDGS samples along with
11 corn samples were sampled over 11 months with one sample every month from a plant in Nevada (P1), 17 samples were
sampled over 1%2 months from a plant in Minnesota (P2), 10 samples were sampled over 20 days from another plant in
Minnesota (P3), 10 samples were sampled over 20 days from a plant in Wisconsin (P4), 8 samples were sampled over 8 days
from a plant in lowa (P5), and 16 samples were supplied by a DDGS supplier in lowa, representing samples from 7 plants in
Minnesota, 4 plants in lowa, 2 plants in Nevada, and 1 plant in Illinois, Indiana and Kentucky.

A total of 56 wheat DDGS samples were collected from 2 different ethanol plants in the E.U., with 46 samples from a plant
in the U.K. sampled over a period of app. 3 months, and 10 samples from a plant in France sampled over 20 days.

Finally, 10 DDGS samples of a mixed grain origin were sampled over 20 days from a plant in Sweden. The parent grains
used in the production of the mixed DDGS were wheat, triticale, barley, and rye. However, their individual proportion is
unknown.

2.2. Chemical analysis

All 138 DDGS samples (72 corn, 56 wheat, and 10 mixed) and 11 corn samples were milled (0.5 mm) and scanned from
1100 to 2498 nm by near infrared reflectance spectroscopy (NIRS) on a FOSS NIRSystems 5000 (Foss). The spectral data were
predicted by Aunir, AB Agri Ltd., UK, for the composition of: moisture, fat ether extract (EE), fat acid hydrolysis (AH), CP
(N x 6.25), CF, ash, starch, total sugars, aNDFom and ADF, using the calibration available for DDGS and corn, respectively.

A total of 63 DDGS samples (47 corn, 11 wheat, and 5 mixed) and 11 corn samples were quantified for total and soluble
NSP content along with their constituent sugars by gas-liquid chromatography for neutral sugars and by a colorimetric
method for uronic acids, with procedure and calculations according to Bach Knudsen (1997), with the modification that
2 mol/L sulfuric acid for 1h was used to hydrolyze the non-cellulosic polysaccharides (NCP) rather than 1 mol/L sulfuric
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Table 1
Compositional profile of corn-, wheat-, and mixed cereal DDGS (g/kg DM).
Corn DDGS Wheat DDGS Mixed DDGS
Mean? Range S.D.(CV) Mean® Range! S.D.(CV) Mean® Range’ S.D. (CV)
Moisture 878 (65-124) 8(0.10) 768 (68-87) 2(0.02) 110h (74-127) 15(0.14)
Fat (EE) 918 (65-118) 15(0.17) 520 (44-65) 8(0.16) 470 (44-50) 2(0.05)
Fat (AH) 1118 (84-135) 14(0.13) 73 (65-88) 8(0.11) 69" (66-74) 3(0.04)
Crude protein 3148 (271-364) 21(0.07) 3348 (303-379) 28(0.09) 3668 (338-383) 13(0.03)
Crude fibre 778 (64-95) 6(0.07) 678 (55-88) 9(0.14) 628 (56-76) 6(0.10)
Ash 718 (54-90) 7(0.09) 91h (81-100) 4(0.05) 878h (80-102) 7(0.08)
Starch 608 (29-139) 27(0.45) 408 (<10-88) 42(1.03) 248 (<10-37) 9(0.39)
Total sugars 908 (54-126) 17(0.19) 988 (46-124) 22(0.23) 1268 (99-142) 13(0.10)
aNDFom 3518 (302-397) 24(0.07) 3068 (273-342) 26(0.08) 3028 (289-312) 9(0.03)
ADF 1018 (89-119) 6(0.06) 1058h (95-122) 8(0.07) 120h (115-123) 3(0.02)

Based on near infrared reflectance spectroscopy. ADF, acid detergent fibre; AH, acid hydrolysis; EE, ether extract; aNDFom, neutral detergent fibre; S.D.,
standard deviation.

2 Avg. of means from 21 plants.

b N=72.

¢ Avg. of means from 2 plants.

4 N=56.

¢ Mean from 1 plant.

fN=10.
ghMeans that do not share a letter are significant different at P<0.05.

acid for 2 h. Klason lignin was measured gravimetrically as the residue resistant to hydrolysis by 2 mol/L sulfuric acid (Bach
Knudsen, 1997).

2.3. Calculations and statistical analysis

Content of NCP-glucose was calculated as
NCP-glucose = NSPgjycose (2 mol/L H,S04)
Content of cellulose was calculated as
cellulose = NSPgjycose (12 mol/L H,50,)~NCP-glucose
Total non-starch polysaccharides (T-NSP) as
T-NSP = rhamnose + fucose + arabinose + xylose + mannose + galactose + NCP-glucose + uronic acids + cellulose
Soluble NSP (S-NSP) as
S-NSP = T-NSP — insoluble NSP(I-NSP)
Dietary fibre (DF) as
DF = T-NSP + Klason lignin

A one-way ANOVA was applied for comparison among means of the DDGS compositions from various origins followed
by a Tukey pair wise comparison with overall significance level at P=0.05, using Minitab 16 (Minitab Inc.). Data from the
compositional analysis were categorized and analyzed by principal component analysis (PCA) with evenly spread 7-fold
partial cross-validation after mean centering and unit variance scaling, using Evince 2.5.5 software (UmBio AB) to detect
distributions and separations among the groups, as previously discussed (Shewry et al., 2013).

3. Results
3.1. Compositional variation in DDGS of various origins

The results of the compositional analyses of the DDGS are presented in Table 1. Common for all DDGS, aNDFom and CP
represented the major fractions, with a large extent of the aNDFom fraction present as ADF. Corn DDGS contained a greater
content of fat (AH) compared with wheat- and mixed DDGS with an increase of 38 g/kg DM (P=0.005) and 42 g/kg DM
(P=0.019), respectively. Furthermore, a greater aNDFom content was observed in corn DDGS with an increase of 45 g/kg DM
(P=0.057) and 49 g/kg DM (P=0.118) compared with wheat- and mixed DDGS, respectively. Wheat DDGS contained 20 g/kg
DM (P=0.001) greater ash content than corn DDGS. Among the three sources of DDGS, the greatest coefficient of variation
(CV) was observed for the content of starch, with CVs of 0.39-1.03. For both corn- and wheat DDGS, the second and third
greatest CVs was observed for total sugars (0.19 and 0.23) and fat (EE) (0.17 and 0.16), respectively. Corn- and mixed DDGS
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Table 2
Non-starch polysaccharide profile of corn-, wheat-, and mixed DDGS (g/kg DM).
Corn DDGS Wheat DDGS Mixed DDGS
Mean? Range® S.D.(CV) Mean* Range! S.D.(CV) Mean® Range' S.D.(CV)
Total NSP
Total 2838 (250-337) 20(0.09) 2628 (242-291) 9(0.04) 2478 (238-257) 8(0.03)
Soluble 318 (16-65) 8(0.47) 67" (53-80) 1(0.02) 65" (54-76) 8(0.13)
Cellulose 678 (52-91) 8(0.16) 50M (35-67) 16(0.32) 548h (51-59) 3(0.06)
NCP
Xylose
Total 778 (67-100) 7(0.10) 868 (70-93) 7(0.08) 788 (74-85) 5(0.07)
Soluble 62 (1-16) 3(0.62) 23h (15-32) 5(0.22) 21h (17-25) 3(0.12)
Arabinose
Total 628 (56-72) 4(0.07) 57gh (51-62) 0(0.00) 49h (46-52) 3(0.05)
Soluble 78 (2-15) 3(0.45) 17" (12-22) 3(0.15) 14gh (12-17) 2(0.13)
Glucose
Total 288 (21-44) 4(0.13) 338 (27-37) 1(0.05) 288 (27-31) 2(0.05)
Soluble 38 (0-16) 4(1.90) 118 (1-21) 10(0.89) 88 (3-13) 3(0.46)
Mannose
Total 178 (12-20) 2(0.12) 168 (13-18) 2(0.13) 208 (18-22) 2(0.09)
Soluble 68 (4-9) 1(0.19) 78 (4-8) 1(0.18) 13h (11-15) 2(0.13)
Galactose
Total 158 (13-21) 2(0.11) 11 (10-12) 1(0.11) 10" (10-10) 0(0.02)
Soluble 38 (2-5) 1(0.29) 6" (4-7) 1(0.18) 6" (6-6) 0(0.05)
Uronic acids
Total 168 (14-20) 1(0.08) gh (7-9) 1(0.12) 7" (4-8) 2(0.26)
Soluble 58 (3-6) 1(0.11) 3h (2-4) 0(0.15) 3h (2-4) 1(0.19)
Klason lignin 258 (15-47) 7(0.26) 66" (44-93) 21(0.32) 82h (74-90) 6(0.07)
A/X ratio 0.808 (0.71-0.85) 0.0 (0.05) 0.66" (0.62-0.70) 0.1 (0.09) 0.63h (0.61-0.67) 0.0 (0.04)
UA/X ratio 0.208 (0.16-0.23) 0.0 (0.08) 0.09" (0.08-0.11) 0.0 (0.21) 0.08" (0.06-0.11) 0.0 (0.30)

A/X ratio, arabinose-to-xylose ratio; CV, coefficient of variation; NCP, non-cellulosic polysaccharides; NSP, non-starch polysaccharides; S.D., standard
deviation; UA/X ratio, uronic acid-to-xylose ratio.

2 Average of means from 21 plants.

b N=47.

¢ Average of means from 2 plants.

4 N=11.

¢ Mean from 1 plant.

fN=5.
ghMeans that do not share a letter are significant different at P<0.05.

had CVs on moisture content of 0.10 and 0.14, respectively, and wheat- and mixed DDGS had CVs on CF content of 0.14 and
0.10, respectively.

Detailed analysis of the NSP profile of 63 samples (47 corn DDGS, 11 wheat DDGS, and 5 mixed DDGS) is presented in
Table 2. Corn DDGS had the greatest content of NSP (286 g/kg DM), followed by wheat- (262 g/kg DM), and mixed DDGS
(247 g/kg DM). Wheat- and mixed DDGS did not differ (P>0.05) in S-NSP content (ranging from 53 to 80 g/kg DM), while a
markedly lesser content (P<0.001) was observed in corn DDGS (16-65 g/kg DM). The distribution of constituent sugars for all
three DDGS origins was in the order of xylose >arabinose > NCP-glucose > mannose > galactose. No difference was observed
in arabinoxylan content (P=0.555) across the three DDGS origins with corn- (123-172 g/kg DM), wheat- (121-155 g/kg DM),
and mixed DDGS (120-136 g/kg DM). Despite the comparable content of arabinoxylan, corn DDGS contained 5 g/kg DM
(P=0.226) and 13 g/kg DM (P=0.022) more arabinose compared with wheat- and mixed DDGS, respectively, accompanied by
a8g/kg DM lesser content of xylose compared with wheat DDGS, hence yielding a greater arabinose/xylose-ratio (A/X-ratio)
in corn DDGS of 0.80 compared with that of wheat- (0.66, P<0.001), and mixed DDGS (0.63, P=0.002), respectively. Corn DDGS
contained approximately twice as much uronic acids (16 g/kg DM, P<0.001), along with a greater cellulose content (67 g/kg
DM) compared with both wheat- (50 g/kg DM, P=0.32), and mixed DDGS (54 g/kg DM, P=0.248). Furthermore, corn DDGS
contained a markedly greater uronic acid/xylose-ratio (UA/X-ratio) of 0.20, compared with both wheat- (0.09, P<0.001), and
mixed DDGS (0.08, P<0.001). The greatest Klason lignin content was observed in mixed DDGS (82 g/kg DM), compared with
wheat- (66 g/kg DM, P=0.105), and corn DDGS (25 g/kg DM, P<0.001). All three DDGS origins had comparable contents of
total mannose and galactose. Except the soluble mannose content (P<0.001), no differences in compositional profile were
observed between wheat- and mixed DDGS (P>0.05). Regardless of DDGS origin, greater CVs were observed for the soluble
constituent sugars compared with the total constituents. Soluble-NCP-glucose had greatest CVs with values of 1.90, 0.89,
and 0.46, for corn-, wheat-, and mixed DDGS, respectively. Overall, corn DDGS had greater CVs for both total- and soluble
constituents, followed by wheat- and mixed DDGS, respectively. For corn DDGS especially soluble xylose (S-Xyl) and soluble
arabinose (S-Ara) had high CVs with values of 0.62 and 0.45, respectively.

The PCAillustrated a clear clustering and separation between corn DDGS to one side, and wheat- and mixed cereal DDGS on
the other (Fig. 1A). The corresponding loading plot (Fig. 1B), indicated the components most responsible for the separation,
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Fig. 1. Principal component analysis of DDGS samples of corn-, wheat, and mixed cereal origin: (A, B) scores and loadings plots of PCA model constructed
from common constituent profiles as model variables (N=138), (C, D) scores and loadings plots of PCA model constructed from NSP profile as models
variables (N=63), (E, F) scores and loadings of PCA model constructed from combined common constituents and NSP profiles as models variables (N=63).
ADF, acid detergent fibre; AH, acid hydrolysis; Ara, arabinose; Cel, cellulose; DF, dietary fibre; EE, ether extract; Gal, galactose; Glu, NCP-glucose; I, insoluble;
Lig, Klason lignin; Man, mannose; NDC, non digestible carbohydrate; NDF, neutral detergent fibre; S, soluble; T, total; Xyl, xylose.
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Fig. 2. Principal component analysis of corn DDGS samples originating from five different ethanol plants in the US: (A, B) scores and loadings of PCA
model constructed from combined common constituents and NSP profiles as models variables (N=31). ADF, acid detergent fibre; AH, acid hydrolysis; Ara,
arabinose; Cel, cellulose; DF, dietary fibre; EE, ether extract; Gal, galactose; Glu, NCP-glucose; I, insoluble; Lig, Klason lignin; Man, mannose; NDC, non
digestible carbohydrate; NDF, neutral detergent fibre; S, soluble; T, total; Xyl, xylose.

with corn DDGS differentiating due to a general greater content of fat, aNDFom, CF, and starch. Wheat and mixed DDGS
differentiated from corn DDGS by a general greater content of ash, CP, and total sugars. The corn- and wheat DDGS samples
indicated a comparable variation between individual samples in the score plot. The PCA model illustrated clear separation
and clustering between the three different DDGS origins based on the NSP characteristics, with only a minor overlap between
wheat- and mixed DDGS (Fig. 1C). The corresponding loading plot revealed the constituents with the greatest effect on the
separations, with corn DDGS differentiating due to large content of insoluble- and total constituents along with greater
content of cellulose, and wheat- and mixed DDGS differentiating due to greater content of soluble constituents and Klason
lignin (Fig. 1D). A combined PCA model on both NIRS- and NSP compositional data on 63 samples, revealed the clearest
separation among the three DDGS origins (Fig. 1E), compared with the two PCA models based individually on NIRS- and NSP
compositional data (Fig. 1A and C). The corresponding loading plot (Fig. 1F), strongly underlined the constituents differing
the most and being most responsible for the grouping between the three DDGS origins. Corn DDGS was greater in insoluble-
and total NSP, cellulose, and starch, and wheat- and mixed DDGS greater in soluble NSPs, total sugars, and ash. Furthermore,
the loading plot revealed that mixed DDGS differed from wheat DDGS by having a greater content of mannose, total sugars,
ADF, and CP.

3.2. Compositional variation in corn DDGS from various ethanol plants

Table 3 presents the results of corn DDGS samples collected from 5 different ethanol plants; P1 (N=11), P2 (N=17), P3
(N=10), P4 (N=10), and P5 (N=8), of which 56 samples were analyzed for common constituents, and 31 samples for the
NSP profile. For starch content P1, P4, and P5 had the greatest CVs of 0.10-0.11. Furthermore, P1 and P5 had greater CVs in
moisture content of 0.11 and 0.16, respectively, than P2-P4 and greater CVs were observed for total sugar content for P1
(0.09) and P2 (0.11). Across all of the common constituents, the five plants had overall average CVs of 0.07, 0.05, 0.03, 0.05,
and 0.05, for P1, P2, P3, P4, and P5, respectively.

The five plants had varying CVs with regard to S-NSPs with values of 0.07-0.49. However, only small variation in CVs was
observed for T-NSPs (288-325 g/kg DM) with values of 0.01-0.04 across all five plants. The CVs were relatively consistent
for cellulose content among the different plants. On the other hand Klason lignin content differed with CVs of 0.13-0.22.
The CVs with regard to soluble constituent sugars varied markedly between the five plants with overall CVs of 0.03-1.49.
Each of the five plants had conserved A/X-ratios (0.71-0.79) with corresponding low CVs with values of 0.01-0.02, together
with conserved UA/X-ratios (0.17-0.23). There was an individual grouping between the five plants, indicating a conserved
compositional profile of DDGS from each ethanol plant (Fig. 2A), and a greater compositional variation of P1, followed by P5,
P4, P2, and P3, respectively. The corresponding loading plot (Fig. 2B), illustrated that P1 differed from the remaining plants
by a greater content of total- and insoluble NSP (P<0.05), cellulose (P<0.05, except when compared with P2), and uronic acid
(P<0.05, except when compared with P4), P4 differed mainly by a greater content of fat(EE) (P<0.05), P5 differed based on a
greater content of ash (P<0.05), total sugars (P<0.05), and total NCP-glucose (P<0.05), while P3 differed from P2 mainly by a
greater content of fat (AH) (P<0.05).
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Table 3

Compositional profiles of corn DDGS from five ethanol plants (g/kg DM).

Plant P1 (N=11; 11)*

Plant P2 (N=17; 5)°

Plant P3 (N=10; 5)°

Plant P4 (N=10; 5)°

Plant P5 (N=8; 5)*

Sampling period 11 months 1% months 20 days 20 days 8 days
Mean Range cv Mean Range cv Mean Range cv Mean Range cv Mean Range cv
Moisture 80¢ (65-91) 0.11 98be (90-108) 0.05 103P (95-109) 0.04 87de (78-93) 0.05 90°d (78-124) 0.16
Fat (EE) 86¢ (79-93) 0.06 87¢ (81-101) 0.05 84¢ (79-92) 0.04 92b (83-103) 0.06 83¢ (80-87) 0.02
Fat (AH) 106¢ (101-115) 0.05 112b (105-126) 0.04 106¢ (102-114) 0.03 112b (104-122) 0.05 105¢ (100-108) 0.02
Crude protein 317¢ (297-337) 0.05 3510 (337-364) 0.02 349° (343-356) 0.01 320¢ (309-333) 0.02 319¢ (313-332) 0.02
Crude fibre 85b (74-95) 0.08 764 (73-82) 0.03 81bc (78-86) 0.03 83bc (80-86) 0.03 794 (77-81) 0.02
Ash 68de (62-73) 0.06 65¢ (61-70) 0.04 704 (68-73) 0.02 72¢ (66-78) 0.05 83b (74-90) 0.06
Starch 514 (43-59) 0.10 69° (65-78) 0.05 39¢ (36-45) 0.07 58¢ (49-69) 0.10 64 (57-79) 0.11
Total sugars 724 (62-87) 0.09 64¢ (54-78) 0.11 89¢ (86-95) 0.03 94¢ (85-103) 0.06 102° (92-114) 0.07
aNDFom 373b (346-397) 0.04 3454 (330-363) 0.02 367b¢ (359-380) 0.02 359¢ (350-368) 0.02 362b¢ (357-365) 0.01
ADF 113b (108-119) 0.03 109> (104-116) 0.03 111° (108-114) 0.02 102¢ (98-107) 0.03 105¢ (99-114) 0.05
Total NSP
Total 325P (313-337) 0.02 305¢ (329-349) 0.04 293¢ (290-296) 0.01 288¢ (280-299) 0.03 294¢ (283-309) 0.04
Soluble 29b (18-37) 0.19 37> (18-65) 0.49 29 (23-33) 0.15 25P (23-27) 0.07 31 (26-41) 0.18
Cellulose 79> (74-91) 0.06 74b< (65-79) 0.08 67¢ (64-70) 0.03 68¢ (64-71) 0.04 68¢ (64-76) 0.07
NCP
Xylose
Total 94> (88-100) 0.04 88¢ (84-91) 0.03 804 (80-81) 0.01 794 (74-85) 0.06 784 (75-83) 0.04
Soluble 5b (1-8) 0.48 8b (1-16) 0.78 5b (2-6) 0.33 4b (2-6) 0.39 4b (2-6) 0.34
Arabinose
Total 69> (65-72) 0.04 62¢ (60-64) 0.03 63¢ (62-63) 0.01 61¢ (59-65) 0.05 59¢ (57-62) 0.04
Soluble 7° (3-9) 0.25 8b (3-14) 0.54 7° (5-7) 0.13 6> (4-7) 0.19 7° (6-8) 0.15
Glucose
Total 27¢ (22-29) 0.06 25¢ (23-25) 0.04 28¢ (27-29) 0.03 25¢ (24-28) 0.07 34P (29-44) 0.17
Soluble 1P (0-5) 1.35 4b (0-14) 141 2b (0-5) 1.17 ob (0-1) 1.49 3b (0-8) 1.04
Mannose
Total 174 (14-18) 0.06 19b< (18-20) 0.04 18b< (17-19) 0.05 18¢ (17-19) 0.04 20° (19-20) 0.03
Soluble 7¢d (5-8) 0.13 9b (8-9) 0.09 64 (6-7) 0.08 7¢d (6-7) 0.06 8b«c (8-8) 0.03
Galactose
Total 20P (18-21) 0.05 17¢ (17-18) 0.03 17¢d (17-17) 0.01 17¢d (16-18) 0.04 164 (15-17) 0.05
Soluble 3b (2-4) 0.17 3b (2-5) 0.31 30 (3-3) 0.09 3b (3-3) 0.03 30 (3-4) 0.09
Uronic acids
Total 190 (18-20) 0.04 17¢ (16-18) 0.06 18¢ (17-18) 0.02 18b«¢ (17-18) 0.03 17¢ (16-17) 0.02
Soluble 5b (5-6) 0.08 50 (3-6) 0.26 50 (5-5) 0.04 50 (5-6) 0.07 50 (4-6) 0.08
Klason lignin 3gb (28-47) 0.13 33b (29-42) 0.18 300 (23-41) 0.22 31b (24-38) 0.18 34> (27-42) 0.17
A/X-ratio 0.734 (0.71-0.74) 0.01 0.71¢ (0.70-0.72) 0.01 0.78> (0.77-0.80) 0.01 0.77b< (0.75-0.79) 0.02 0.76¢ (0.75-0.78) 0.01
UA/X-ratio 0.20¢ (0.19-0.21) 0.03 0.20¢ (0.17-0.22) 0.08 0.22P (0.21-0.22) 0.02 0.23° (0.22-0.23) 0.04 0.22° (0.20-0.23) 0.05

ADF, acid detergent fibre; AH, acid hydrolysis; CV, coefficient of variation; EE, ether extract; NCP, non-cellulosic polysaccharides; aNDFom, neutral detergent fibre.

2 N common constituents analysis; N NSP analysis.

b-eMeans that do not share a letter are significant different at P<0.05.
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Table 4
Compositional profile of corn and corresponding DDGS (g/kg DM).
Corn (N=11) Corn DDGS (N=11) Ratio?
Mean Range S.D.(CV) Mean Range S.D.(CV)
Moisture 139b (130-146) 6(0.04) 80°¢ (65-91) 9(0.11) -
Fat (EE) 35P (34-37) 1(0.03) 86°¢ (79-93) 5(0.06) 24
Fat (AH) 39P (37-41) 1(0.04) 106¢ (101-115) 5(0.05) 2.7
Crude protein 83P (75-91) 6(0.08) 317¢ (297-337) 15(0.05) 3.8
Crude fibre 25b (23-27) 1(0.04) 85¢ (74-95) 7(0.08) 34
Ash 10° (9-11) 1(0.05) 68¢ (62-7-3) 4(0.06) 6.5
Starch 723P (705-736) 11(0.01) 51¢ (43-59) 5(0.10) -
Total sugars 51P (46-59) 4(0.08) 72¢ (62-87) 7(0.09) 14
aNDFom 93b (79-104) 8(0.08) 373¢ (346-397) 15(0.04) 4.1
ADF 38b (33-44) 3(0.09) 113¢ (108-119) 4(0.03) 3.0
Total NSP
Total 79° (67-91) 7(0.08) 325¢ (313-337) 8(0.02) 4.1
Soluble 6> (2-10) 3(0.39) 29¢ (18-37) 6(0.19) 4.5
Cellulose 17b (14-20) 2(0.12) 79¢ (74-91) 5(0.06) 4.6
NCP
Xylose
Total 23b (20-27) 2(0.09) 94¢ (88-100) 3(0.04) 4.0
Soluble 1P (0-1) 1(0.97) 5¢ (1-8) 2(0.48) 7.6
Arabinose
Total 18b (15-20) 1(0.07) 69¢ (65-72) 2(0.04) 3.8
Soluble 1P (0-2) 1(0.63) 7¢ (3-9) 2(0.25) 58
Glucose
Total 7° (6-8) 1(0.09) 27¢ (22-29) 2(0.06) 3.7
Soluble 1P (0-1) 1(0.97) 1P (0-5) 2(1.35) 2.4
Mannose
Total 2b (2-3) 0(0.10) 17° (14-18) 1(0.06) 7.5
Soluble 1P (1-1) 0(0.14) 7¢ (5-8) 1(0.13) 6.8
Galactose
Total 6> (4-7) 1(0.13) 20¢ (18-21) 1(0.05) 3.6
Soluble 1P (1-2) 0(0.38) 3¢ (2-4) 1(0.17) 2.5
Uronic acids
Total 5P (4-6) 1(0.10) 19¢ (18-20) 1(0.04) 35
Soluble 1b (1-2) 0(0.19) 5¢ (5-6) 0(0.08) 35
Klason lignin 10b (7-15) 2(0.23) 38¢ (28-47) 5(0.13) 3.9
A/X-ratio 0.77° (0.74.0.79) 0.0 (0.02) 0.73¢ (0.71-0.74) 0.0 (0.01)
UA/X-ratio 0.23b (0.22-0.24) 0.0 (0.03) 0.20¢ (0.19-0.21) 0.0 (0.03)
Cel./T-NSP ratio 0.21° (0.20-0.23) 0.0 (0.05) 0.24¢ (0.20-0.23) 0.0 (0.05)

ADF, acid detergent fibre; AH, acid hydrolysis; A/X ratio, arabinose-to-xylose ratio; CV, coefficient of variation; EE, ether extract; NCP, non-cellulosic
polysaccharides; aNDFom, neutral detergent fibre; NSP, non-starch polysaccharides; UA/X ratio, uronic acid-to-xylose ratio.

2 Average corn DDGS-to-corn ratio.
b<Means that do not share a letter are significant different at P<0.05.

3.3. Compositional variation between corn and corresponding corn DDGS

The results of the compositional profile of corn and corresponding DDGS, sampled simultaneously from the ethanol plant
over a period of 11 month, are presented in Table 4. For common constituents, DDGS had an increase in all components
but starch, with average increase of 3.4-fold. The greatest increase was observed for the content of ash, aNDFom, and CP,
whereas the least increase was observed for the content of total sugars, and fat, respectively. Furthermore, DDGS had greater
CVs of fat and CF content compared with the parent grain, whereas corn on the other hand had greater CVs of CP, ADF, and
aNDFom content, across the 11 months. Comparable CVs of ash and total sugar content was observed between corn and
corresponding DDGS.

The NSP compositional profiles revealed that DDGS had a 4.1- and 4.5 times as high content of T-NSP and S-NSP as in corn,
respectively. The S-Xyl and S-Ara content in DDGS increased to levels 7.6 and 5.8 times the content in corn, respectively.
Furthermore, the content of total- and soluble mannose was markedly increased in DDGS compared with corn with values
of 7.5- and 6.8-fold greater than in corn, respectively. The A/X- and UA/X-ratio were 0.04- (P<0.001) and 0.05 (P<0.001) units
less in DDGS than in corn, respectively. On the other hand cellulose/NSP-ratio was 0.03 units greater (P<0.001) for DDGS
than in corn. Corn DDGS had reduced CVs of T-NSP (0.06 units) and S-NSP (0.20 units) than the corresponding corn, and
except for soluble NCP-glucose, this was the case for all constituent sugars, both total- and soluble content.

4. Discussion

In line with our expectations, the nutrient composition of DDGS varied between DDGS from both different ethanol plants
and DDGS originating from different parent grains (Spiehs et al., 2002; Olukosi and Adebiyi, 2013). Furthermore, as expected,
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we also observed that the nutrient composition of the DDGS in part reflected the composition in the parent grain, as only
starch was removed during the fermentation process (Widyaratne and Zijlstra, 2007; Gibreel et al.,2011). The greater content
of fat in corn DDGS compared with wheat DDGS, along with the greater content of protein in wheat DDGS than in corn DDGS
corresponds to previous characterizations of content in parent grains (Belitz et al., 2009). Overall, the major constituent
analysis of the DDGS corresponds to previous published results (Cromwell et al., 1993; Belyea et al., 2004; Widyaratne and
Zijlstra, 2007; Kim et al., 2008; Liu, 2008). The cereals used in the production of the mixed DDGS are unknown, however the
major cereal fraction is presumably wheat, considering the similar composition of wheat- and mixed DDGS, based on the
PCA-model and compositional analysis.

Similar to previous studies describing the NSP profiles of corn and wheat (Bach Knudsen, 1997), and corn- and wheat
DDGS (Widyaratne and Zijlstra, 2007), we also observed greater content of soluble NSPs in wheat DDGS compared with
corn DDGS, and a greater content of insoluble NSPs in corn DDGS compared with wheat DDGS. It can be speculated that the
slightly greater NCP-glucose content of wheat DDGS compared with corn DDGS is caused by the greater content of 3-glucan
present in wheat compared with corn, as described in literature (Bach Knudsen, 1997). However, it has been speculated that
also B3-glucan and mannans from yeast are present in the DDGS (de Vries et al., 2013). Both corn- and wheat DDGS contained
similar amounts of total arabinoxylan (approximately 140 g/kg DM). However, the greater content of both arabinose and
uronic acids present in corn DDGS compared with wheat DDGS, yielding greater A/X- and UA/X-ratios, indicate a more
complex structure of the heteroxylan in corn DDGS than in wheat DDGS. This is in line with previous studies reporting a
greater branch density and complexity of corn arabinoxylan compared with that of wheat (Bedford, 1995; Saulnier et al.,
1995a; Jilek and Bunzel, 2013; Yang et al., 2013).

The markedly greater content of Klason lignin present in wheat DDGS compared with corn DDGS is also in line with
previous reported results present in parent grains (Bach Knudsen, 1997; Bunzel et al., 2011). However, the Klason lignin
content might overestimate the “true” lignin (complex phenolic polymers) content of the DDGS. Klason lignin is not a well
defined chemical matter, but an empirical residue consisting of materials not solubilized by 12 mol/L sulfuric acid (Davin
et al., 2008). Klason lignin determined in corn and wheat insoluble fibre have been shown to include, besides true lignin;
N (proteins), residual fat and waxes, as well as cutin, with true lignin content equal to approximately 1/3 and 1/4 of the
measured Klason lignin content for wheat and corn, respectively (Bunzel et al., 2011). However, other nitrogen sources than
proteins, such as Maillard products, can potentially contribute to nitrogen content of the Klason lignin fraction. The Maillard
reaction can occur between reducing sugars and lysine residues during the processing of DDGS, as a result of the addition
of condensed solubles to the wet distillers cake during drying, consequently damaging the protein fraction (Fastinger and
Mahan, 2006; Pahm et al., 2009; Kim et al., 2012). Furthermore, changes in the corn protein structure during the ethanol
production have been described to induce a greater fraction of DDGS protein associated with the cell wall material, compared
with that of corn (Yu and Nuez-Ortin, 2010). The herein presented high CV values of Klason lignin content in both corn- (0.26)
and wheat DDGS (0.32) from the different ethanol plants along with their corresponding different processing technologies,
further indicates the presence of non-lignin sources, such as Maillard products, may be present in the Klason lignin fraction
of DDGS. Regardless of DDGS origin, the greatest CV values were observed for the S-NSP constituent sugar monomers. It can
be speculated that this observation is related to the amount of condensed solubles added to the wet distillers cake during
drying. However, it should also be noted that the relative small S-NSP content present could directly give rise to greater CVs.
Furthermore, degradation of insoluble NSP occurring during the fermentation process could increase the content of soluble
NSP, due to the presence of endogenous fibre degrading enzymes from yeast, exogenous fibre degrading enzymes added to
increase ethanol yield, and mechanical- and heat (pre)treatment.

When sampled over a period of 8 days to 11 months the five ethanol plants showed, in spite of some variation, capability of
producing DDGS with conserved compositional profiles, indicated by PCA models. The variation in starch content, especially
observed for three of the five plants, is directly related to the effectiveness of the fermentation process at each individual
ethanol plant, which varies according to process technology and fermentation time, yeast, and enzymes used in the produc-
tion. Furthermore, the relatively high CV in moisture content is related to different intensities of the DDGS drying process,
which is a crucial step in the DDGS production, due to the negative effects on nutritional value associated with excessive heat
damage of especially lysine, and the high energy expenses associated with drying. Similarly large variation was observed
for the content of Klason lignin, as discussed above. Despite the consistent content of total NSP and total constituent sugars
from each individual ethanol plant, large variation was observed for the S-NSPs fractions, as discussed above. P1 showed
greater overall variation in compositional profile, which could be explained by P1 having the far greatest sampling period
of 11 months, hence probably encountering greater variation in raw material. Despite the narrowest sampling period of 8
days, P5 on the other hand also showed relatively large overall variation.

The simultaneous sampling of both corn and corresponding DDGS over 11 months allowed for investigating the changes
in compositional profile after the fermentation and drying process. Although the corn and the DDGS were sampled simul-
taneously, it should be noted that the corn and DDGS did not originate from the same fermentation batch, which would
be practically impossible to obtain. The observed changes between corn and corresponding DDGS may not be considered
common for all ethanol plants, underlined by the presented compositional variations between the 24 corn DDGS plants. As
expected, the DDGS reflected the nutrient content of the parent grain (Spiehs et al., 2002). All other constituents than starch
were concentrated in the DDGS compared with corn, with an average 3.4-fold increase for the common constituents, similar
to previous studies (Urriola et al., 2010; de Vries et al., 2013). The relatively small increase in fat content of 2.4-2.7 fold may
indicate that the ethanol plant have extracted some of the oil from the thin stillage before condensing and blending with
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the grain fraction and drying to make DDGS. The marked increase in mannose content in DDGS compared with corn, most
likely originate from yeast cell wall mannans, as discussed previously (de Vries et al., 2013). Furthermore, a marked shift
in solubility of xylose and arabinose was observed for DDGS, indicating a modification of the arabinoxylan fraction during
processing. Corn showed a consistently greater content of substituted xylan with both greater A/X- and UA/X-ratios, com-
pared with corresponding DDGS. Unpublished results from our research group indicate the A/X-ratio in corn differs among
the different botanical grain fractions, with endosperm having a markedly greater A/X-ratio compared with that of corn
bran, which is in line with previous published results in corn grain, flour and bran (Bach Knudsen, 1997; Rose et al., 2009).
Similarly, UA/X-ratio has been reported greater in corn flour, compared with corn bran (Bach Knudsen, 1997). The shift in
A/X- and UA/X ratio between corn and DDGS indicates modification of the greater substituted xylan (e.g. in endosperm)
during the fermentation process. It must be noted, however, that the total content of arabinoxylan and uronic acids present
in corn endosperm is very low compared with corn bran.

Though highly substituted, corn endosperm arabinoxylan is not cross-linked to the same degree as corn bran heteroxylans
(Saulnier and Thibault, 1999; Bunzel et al., 2006). Hence, corn endosperm arabinoxylan is potentially more susceptible to
environmental changes, such as heat processing and presence of fibre degrading enzymes and other accessory enzymes,
which might lead to an increased degradation and solubilization of arabinoxylan. It can be speculated that the solubilized
arabinoxylan is more susceptible to participate in Maillard reactions, by having a potentially larger fraction of reducing ends
due to hydrolysis. The arabinoxylan parting in Maillard reactions would be unable to determine as part of the constituent
sugars in the NSP-procedure used in this study, since they would most likely end up in the Klason lignin fraction. On the other
hand, cellulose appear to remain unmodified during processing, due to its strong rigid structure and anchorage in the cell
wall matrix (Van Eylen et al., 2011), which consequently leads to the greater cellulose/NSP-ratio for DDGS compared with
corn in the current study. Endosperm arabinoxylan comprise approximately 20% of the total content of arabinoxylan in corn,
calculated with data from Bach Knudsen (1997) and Watson (1987). Hence, considering that the endosperm arabinoxylan
only comprise a minor fraction of the total arabinoxylan content of the grain, and that the cellulose fraction is concentrated
in DDGS, the outcome will be that the majority of NSP remain unmodified or potentially more complex in DDGS than in the
parent grain.

The use of multivariate data analysis, PCA, on compositional data of DDGS proved useful to visually distinguish between
DDGS covering three different feedstock origins; corn, wheat, and mixed cereals. Furthermore, PCA was able to provide
information concerning the most conserved components of each DDGS origin, hence the components most responsible for
the individual clusters and groupings of DDGS. By combining both compositional data of the common constituents and NSP
profiles of the DDGS, a more clear separation between the groups was observed.

DDGS has a reputation of having variable nutrient composition and protein quality, and a high content of mycotoxins,
which has limited its use in swine feed (Stein et al., 2006; Pedersen et al., 2007; Anderson et al., 2012). High quantities of
DDGS in feed increase the content of dietary fibre, associated with negative effects on nutrient digestibility. To increase
nutrient digestibility of feed formulations containing DDGS, studies have investigated the effects of adding fibre degrading
enzymes to animal diets containing DDGS (Jones et al., 2010; Yoon et al., 2010; Yafiez et al., 2011). However, the results are
inconclusive. This may relate to the complexity of the cell wall matrix in corn DDGS, and that the most readily degradable
arabinoxylan for the fibre degrading enzymes already have been modified during DDGS production, as discussed above. These
observations indicate that the fibre degrading enzymes applied for degradation of corn DDGS need to be targeted towards
highly complex substrates. With respect to enzymatic degradation, corn bran has been acknowledged as a recalcitrant
substrate, as a consequence of the highly branched structure of the arabinoxylan (Saulnier et al., 2001; Agger et al., 2010).
The cross-linking and complexity of the NSP matrix is influenced by many factors including; content of substituted xylan,
ferulic acid cross-linking, and lignin and structural proteins interacting with arabinoxylan (Saulnier et al., 1995b). Despite the
ethanol plants’ capability of individually producing DDGS with a conserved NSP profile, variation in the degree of substituted
xylan from plant to plant exists. For corn DDGS, the differences in A/X- (0.71-0.85) and UA/X-ratio (0.16-0.23) underline the
heterogeneous structure of DDGS NSPs. It can be speculated that the enzymatic degradation potential of the DDGS NSPs is
sterically hindered by a greater proportion of substituted xylan (Rose et al., 2009). Hence, the DDGS samples from 24 different
ethanol plants analyzed in this study might yield different results in relation to digestibility and enzymatic degradation
potential of the NSPs. Difference in animal performance may be observed when feeding either corn- or wheat DDGS, due
to the observed large variation in NSP cell wall complexity between the two DDGS sources likely affecting digestibility.
However, it should be noted that the overall degradation potential of the DDGS NSPs, is affected by a combination of several
factors (as described above), a number of which not determined in this study.

5. Conclusion

The current study showed a large variability in the chemical composition of common constituents, and in non-starch
polysaccharide profiles of corn-, wheat, and mixed DDGS. Despite variations, the major fractions across all origins were; CP
and aNDFom with a large degree of the aNDFom fraction being ADF. All samples also had a large content of sugars, while
corn DDGS contained more fat than the other two. Wheat- and mixed DDGS showed a markedly greater content of S-NSP
than in corn, which on the other hand had greater contents of total- and insoluble NSPs. Of the NSP fraction, all samples had
the greatest content of arabinoxylan. However, the A/X- and UA/X-ratio differed with greater ratios for corn DDGS than in
the other two. DDGS samples from five different ethanol plants showed that each plant were capable, despite variations,
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of producing DDGS with an individual conserved compositional profile. Finally, analysis of corn and corresponding DDGS
samples showed that the content of substituted xylan and S-NSP is modified during the production of DDGS.

Conflict of interest

The authors declare that there are no conflicts of interest.

Acknowledgements

The following people are acknowledged for their assistance in collecting DDGS samples; M. Chow, D. KO, A. Riley, D. Ward,
G. Jones, C. Miller-Fosmore, and E. Seward. The authors would also like to thank the technical staff, especially L. Madrcher and
S.G. Handberg for assistance. This project was partially supported by The Danish Ministry of Science, Innovation and Higher
Education.

References

Agger, ]., Vikso-Nielsen, A., Meyer, A.S., 2010. Enzymatic xylose release from pretreated corn bran arabinoxylan: differential effects of deacetylation and
deferuloylation on insoluble and soluble substrate fractions. ]. Agric. Food Chem. 58, 6141-6148.

Anderson, P.V,, Kerr, BJ., Weber, T.E., Ziemer, CJ., Shurson, G.C., 2012. Determination and prediction of digestible and metabolizable energy from chemical
analysis of corn coproducts fed to finishing pigs. J. Anim. Sci. 90, 1242-1254.

Bach Knudsen, K.E., 1997. Carbohydrate and lignin contents of plant materials used in animal feeding. Anim. Feed Sci. Technol. 67, 319-338.

Bandegan, A., Guenter, W., Hoehler, D., Crow, G.H., Nyachoti, C.M., 2009. Standardized ileal amino acid digestibility in wheat distillers dried grains with
solubles for broilers. Poult. Sci. 88, 2592-2599.

Batal, A.B., Dale, N.M., 2006. True metabolizable energy and amino acid digestibility of distillers dried grains with solubles. J. Appl. Poult. Res. 15, 89-93.

Bedford, M.R., 1995. Mechanism of action and potential environmental benefits from the use of feed enzymes. Anim. Feed Sci. Technol. 53, 145-155.

Belitz, H.D., Grosch, W., Schieberle, P., 2009. Food Chem., fourth ed. Berlin, Springer.

Belyea, R.L., Rausch, K.D., Tumbleson, M.E., 2004. Composition of corn and distillers dried grains with solubles from dry grind ethanol processing. Bioresour.
Technol. 94, 293-298.

Bunzel, M., Ralph, ], Briining, P., Steinhart, H., 2006. Structural identification of dehydrotriferulic and dehydrotetraferulic acids isolated from insoluble
maize bran fiber. J. Agric. Food Chem. 54, 6409-6418.

Bunzel, M., Schiifler, A., Tchetseubu Saha, G., 2011. Chemical characterization of klason lignin preparations from plant-based foods. ]. Agric. Food Chem.
59, 12506-12513.

Cozannet, P., Lessire, M., Gady, C., Métayer, J.P., Primot, Y., Skiba, F., Noblet, J., 2010. Energy value of wheat dried distillers grains with solubles in roosters,
broilers, layers, and turkeys. Poult. Sci. 89, 2230-2241.

Cromwell, G.L., Herkelman, K.L., Stahly, T.S., 1993. Physical, chemical, and nutritional characteristics of distillers dried grains with solubles for chicks and
pigs. J. Anim. Sci. 71, 679-686.

Davin, L.B., Jourdes, M., Patten, A.M., Kim, KW., Vassao, D.G., Lewis, N.G., 2008. Dissection of lignin macromolecular configuration and assembly: comparison
to related biochemical processes in allyl/propenyl phenol and lignan biosynthesis. Nat. Prod. Rep. 25, 1015-1090.

de Vries, S., Pustjens, A.M., Kabel, M.A,, Salazar-Villanea, S., Hendriks, W.H., Gerrits, W.J.J., 2013. Processing technologies and cell wall degrading enzymes
to improve nutritional value of dried distillers grain with solubles for animal feed: an in vitro digestion study. J. Agric. Food Chem. 61, 8821-8828.

Fastinger, N.D., Mahan, D.C., 2006. Determination of the ileal amino acid and energy digestibilities of corn distillers dried grains with solubles using
grower-finisher pigs. J. Anim. Sci. 84, 1722-1728.

Gibreel, A., Sandercock, ].R., Lan, ]., Goonewardene, L.A., Scott, A.C,, Zijlstra, R.T., Curtis, J.M., Bressler, D.C., 2011. Evaluation of value-added components of
dried distiller’s grain with solubles from triticale and wheat. Bioresour. Technol. 102, 6920-6927.

Hartley, R.D., 1973. Carbohydrate esters of ferulic acid as components of cell-walls of Lolium multiflorum. Phytochem 12, 661-665.

Jilek, MLL., Bunzel, M., 2013. Dehydrotriferulic and dehydrodiferulic acid profiles of cereal and pseudocereal flours. Cereal Chem. J. 90, 507-514.

Jones, C.K., Bergstrom, ].R., Tokach, M.D., DeRouchey, .M., Goodband, R.D., Nelssen, ].L., Dritz, S.S., 2010. Efficacy of commercial enzymes in diets containing
various concentrations and sources of dried distillers grains with solubles for nursery pigs. ]. Anim. Sci. 88, 2084-2091.

Kim, B.G., Kil, D.Y., Zhang, Y., Stein, H.H., 2012. Concentrations of analyzed or reactive lysine, but not crude protein, may predict the concentration of
digestible lysine in distillers dried grains with solubles fed to pigs. . Anim. Sci. 90, 3798-3808.

Kim, Y., Mosier, N.S., Hendrickson, R., Ezeji, T., Blaschek, H., Dien, B., Cotta, M., Dale, B., Ladisch, M.R., 2008. Composition of corn dry-grind ethanol by-products:
DDGS, wet cake, and thin stillage. Bioresour. Technol. 99, 5165-5176.

Lapierre, C., Pollet, B., Ralet, M.C,, Saulnier, L., 2001. The phenolic fraction of maize bran: evidence for lignin-heteroxylan association. Phytochemistry 57,
765-772.

Lequart, C., Nuzillard, ].-M., Kurek, B., Debeire, P., 1999. Hydrolysis of wheat bran and straw by an endoxylanase: production and structural characterization
of cinnamoyl-oligosaccharides. Carbohydr. Res. 319, 102-111.

Liu, K., 2008. Particle size distribution of distillers dried grains with solubles (DDGS) and relationships to compositional and color properties. Bioresour.
Technol. 99, 8421-8428.

Liu, K., 2011. Chemical composition of distillers grains, a review. J. Agric. Food Chem. 59, 1508-1526.

Nyachoti, C.M., House, ].D., Slominski, B.A., Seddon, L.R., 2005. Energy and nutrient digestibilities in wheat dried distillers’ grains with solubles fed to growing
pigs. J. Sci. Food Agric. 85, 2581-2586.

Olukosi, O.A., Adebiyi, A.O., 2013. Chemical composition and prediction of amino acid content of maize- and wheat-distillers’ dried grains with soluble.
Anim. Feed Sci. Technol. 185, 182-189.

Pahm, A.A,, Pedersen, C., Stein, H.H., 2009. Standardized ileal digestibility of reactive lysine in distillers dried grains with solubles fed to growing pigs. J.
Agric. Food Chem. 57, 535-539.

Pedersen, C., Boersma, M.G., Stein, H.H., 2007. Digestibility of energy and phosphorus in ten samples of distillers dried grains with solubles fed to growing
pigs. J. Anim. Sci. 85, 1168-1176.

Piber, M., Koehler, P., 2005. Identification of dehydro-ferulic acid-tyrosine in rye and wheat: evidence for a covalent cross-link between arabinoxylans and
proteins. J. Agric. Food Chem. 53, 5276-5284.

Rose, DJ., Patterson, J.A., Hamaker, B.R., 2009. Structural differences among alkali-soluble arabinoxylans from maize (Zea mays), rice (Oryza sativa), and
wheat (Triticum aestivum) brans influence human fecal fermentation profiles. J. Agric. Food Chem. 58, 493-499.

Saulnier, L., Vigouroux, J., Thibault, J.-F., 1995a. Isolation and partial characterization of feruloylated oligosaccharides from maize bran. Carbohydr. Res. 272,
241-253.

Saulnier, L., Marot, C., Chanliaud, E., Thibault, ].-F., 1995b. Cell wall polysaccharide interactions in maize bran. Carbohydr. Polym. 26, 279-287.

Please cite this article in press as: Pedersen, M.B., et al.,, Compositional profile and variation of Distillers Dried
Grains with Solubles from various origins with focus on non-starch polysaccharides. Anim. Feed Sci. Tech. (2014),
http://dx.doi.org/10.1016/j.anifeedsci.2014.07.011



dx.doi.org/10.1016/j.anifeedsci.2014.07.011
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0005
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0010
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0010
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0010
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0010
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0010
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0010
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0010
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0010
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0010
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0010
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0010
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0010
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0010
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0010
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0010
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0010
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0010
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0010
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0010
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0010
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0010
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0010
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0010
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0010
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0010
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0015
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0015
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0015
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0015
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0015
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0015
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0015
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0015
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0015
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0015
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0015
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0015
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0015
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0015
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0015
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0015
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0015
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0015
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0015
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0020
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0020
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0020
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0020
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0020
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0020
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0020
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0020
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0020
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0020
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0020
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0020
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0020
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0020
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0020
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0020
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0020
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0020
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0020
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0020
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0025
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0025
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0025
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0025
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0025
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0025
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0025
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0025
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0025
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0025
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0025
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0025
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0025
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0025
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0025
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0025
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0025
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0025
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0025
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0025
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0025
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0030
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0030
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0030
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0030
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0030
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0030
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0030
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0030
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0030
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0030
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0030
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0030
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0030
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0030
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0030
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0030
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0030
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0030
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0030
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0030
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0030
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0035
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0035
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0035
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0035
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0035
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0035
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0040
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0040
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0040
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0040
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0040
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0040
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0040
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0040
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0040
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0040
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0040
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0040
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0040
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0040
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0040
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0040
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0040
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0040
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0040
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0040
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0045
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0045
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0045
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0045
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0045
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0045
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0045
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0045
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0045
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0045
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0045
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0045
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0045
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0045
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0045
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0045
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0045
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0045
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0045
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0045
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0045
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0050
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0050
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0050
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0050
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0050
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0050
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0050
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0050
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0050
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0050
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0050
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0050
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0050
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0050
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0050
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0050
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0050
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0055
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0055
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0055
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0055
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0055
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0055
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0055
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0055
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0055
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0055
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0055
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0055
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0055
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0055
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0055
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0055
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0055
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0055
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0055
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0055
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0055
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0060
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0060
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0060
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0060
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0060
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0060
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0060
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0060
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0060
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0060
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0060
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0060
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0060
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0060
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0060
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0060
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0060
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0060
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0060
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0060
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0060
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0060
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0065
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0065
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0065
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0065
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0065
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0065
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0065
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0065
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0065
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0065
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0065
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0065
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0065
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0065
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0065
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0065
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0065
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0065
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0065
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0065
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0065
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0065
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0065
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0065
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0065
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0070
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0075
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0075
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0075
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0075
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0075
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0075
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0075
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0075
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0075
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0075
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0075
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0075
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0075
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0075
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0075
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0075
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0075
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0075
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0075
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0075
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0075
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0075
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0075
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0075
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0075
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0075
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0080
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0080
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0080
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0080
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0080
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0080
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0080
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0080
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0080
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0080
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0080
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0080
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0080
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0080
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0080
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0080
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0080
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0080
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0080
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0080
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0085
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0085
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0085
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0085
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0085
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0085
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0085
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0085
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0085
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0085
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0085
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0085
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0085
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0085
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0085
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0085
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0085
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0085
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0090
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0090
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0090
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0090
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0090
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0090
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0090
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0090
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0090
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0090
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0090
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0090
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0090
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0090
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0090
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0090
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0090
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0095
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0100
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0105
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0105
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0105
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0105
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0105
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0105
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0105
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0105
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0105
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0105
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0105
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0105
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0105
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0105
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0105
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0105
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0105
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0105
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0110
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0110
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0110
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0110
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0110
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0110
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0110
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0110
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0110
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0110
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0110
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0110
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0110
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0110
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0110
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0110
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0110
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0115
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0115
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0115
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0115
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0115
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0115
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0115
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0115
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0115
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0115
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0115
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0115
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0115
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0115
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0115
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0115
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0115
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0115
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0115
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0115
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0115
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0120
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0120
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0120
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0120
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0120
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0120
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0120
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0120
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0120
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0120
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0120
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0120
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0120
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0120
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0120
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0120
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0120
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0120
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0120
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0120
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0120
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0120
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0120
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0125
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0125
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0125
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0125
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0125
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0125
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0125
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0125
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0125
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0125
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0125
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0125
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0125
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0125
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0125
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0130
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0130
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0130
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0130
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0130
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0130
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0130
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0130
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0130
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0130
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0130
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0130
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0130
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0130
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0130
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0130
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0130
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0130
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0130
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0130
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0130
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0130
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0130
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0135
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0135
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0135
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0135
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0135
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0135
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0135
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0135
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0135
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0135
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0135
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0135
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0135
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0135
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0135
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0135
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0135
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0135
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0135
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0135
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0135
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0135
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0135
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0135
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0140
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0140
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0140
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0140
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0140
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0140
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0140
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0140
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0140
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0140
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0140
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0140
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0140
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0140
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0140
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0140
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0140
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0140
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0140
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0140
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0140
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0140
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0140
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0140
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0145
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0145
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0145
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0145
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0145
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0145
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0145
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0145
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0145
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0145
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0145
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0145
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0145
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0145
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0145
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0145
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0145
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0145
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0145
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0145
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0145
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0145
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0145
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0145
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0145
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0150
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0150
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0150
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0150
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0150
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0150
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0150
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0150
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0150
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0150
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0150
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0150
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0150
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0150
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0150
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0150
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0150
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0150
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0150
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0150
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0150
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0150
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0150
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0150
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0150
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0155
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0160
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0160
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0160
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0160
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0160
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0160
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0160
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0160
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0160
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0160
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0160
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0160
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0160
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0160
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0160
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0160
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0165
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0165
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0165
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0165
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0165
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0165
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0165
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0165
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0165
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0165
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0165
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0165
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0165

G Model
ANIFEE-13124; No.of Pages 12

12 M.B. Pedersen et al. / Animal Feed Science and Technology xxx (2014) xxx—-xxx

Saulnier, L., Thibault, ].-F., 1999. Ferulic acid and diferulic acids as components of sugar-beet pectins and maize bran heteroxylans. J. Sci. Food Agric. 79,
396-402.

Saulnier, L., Marot, C., Elgorriaga, M., Bonnin, E., Thibault, J.F., 2001. Thermal and enzymatic treatments for the release of free ferulic acid from maize bran.
Carbohydr. Polym. 45, 269-275.

Shewry, P.R., Hawkesford, M.J., Piironen, V., Lampi, A.-M., Gebruers, K., Boros, D., Andersson, A.A.M., Aman, P., Rakszegi, M., Bedo, Z., Ward, J.L., 2013. Natural
variation in grain composition of wheat and related cereals. J. Agric. Food Chem. 61, 8295-8303.

Spiehs, M.J., Whitney, M.H., Shurson, G.C., 2002. Nutrient database for distiller’s dried grains with solubles produced from new ethanol plants in Minnesota
and South Dakota. J. Anim. Sci. 80, 2639-2645.

Stein, H.H., Gibson, M.L., Pedersen, C., Boersma, M.G., 2006. Amino acid and energy digestibility in ten samples of distillers dried grain with solubles fed to
growing pigs. ]. Anim. Sci. 84, 853-860.

Stein, H.H., Shurson, G.C., 2009. Board-invited review: the use and application of distillers dried grains with solubles in swine diets. J. Anim. Sci. 87,
1292-1303.

Urriola, P.E., Shurson, G.C., Stein, H.H., 2010. Digestibility of dietary fiber in distillers coproducts fed to growing pigs. J. Anim. Sci. 88, 2373-2381.

Van Eylen, D., van Dongen, F., Kabel, M., de Bont, J., 2011. Corn fiber, cobs and stover: enzyme-aided saccharification and co-fermentation after dilute acid
pretreatment. Bioresour. Technol. 102, 5995-6004.

Watson, S.A., 1987. Structure and composition. In: Watson, S.A., Ramstad, P.E. (Eds.), Corn: Chemistry and Technology. Am. Assoc. Cereal Chem., St. Paul,
MN.

Widyaratne, G.P., Zijlstra, R.T., 2007. Nutritional value of wheat and corn distiller’s dried grain with solubles: digestibility and digestible contents of energy,
amino acids and phosphorus, nutrient excretion and growth performance of grower-finisher pigs. Can. J. Anim. Sci. 87, 103-114.

Yaiiez, ].L.,, Beltranena, E., Cervantes, M., Zijlstra, R.T., 2011. Effect of phytase and xylanase supplementation or particle size on nutrient digestibility of diets
containing distillers dried grains with solubles cofermented from wheat and corn in ileal-cannulated grower pigs. J. Anim. Sci. 89, 113-123.

Yang, ., Maldonado-Gémez, M.X., Hutkins, RW., Rose, D.J., 2013. Production and in vitro fermentation of soluble, non-digestible, feruloylated oligo- and
polysaccharides from maize and wheat brans. J. Agric. Food Chem.

Yoon, S.Y., Yang, Y.X,, Shinde, P.L., Choi, ].Y., Kim, ].S., Kim, Y.W,, Yun, K, Jo, J.K,, Lee, ].H., Ohh, SJ., Kwon, LK., Chae, BJ., 2010. Effects of mannanase and
distillers dried grain with solubles on growth performance, nutrient digestibility, and carcass characteristics of grower-finisher pigs. J. Anim. Sci. 88,
181-191.

Yu, P., Nuez-Ortin, W.G., 2010. Relationship of protein molecular structure to metabolisable proteins in different types of dried distillers grains with solubles:
a novel approach. Br. J. Nutr. 104, 1429-1437.

Please cite this article in press as: Pedersen, M.B., et al.,, Compositional profile and variation of Distillers Dried
Grains with Solubles from various origins with focus on non-starch polysaccharides. Anim. Feed Sci. Tech. (2014),
http://dx.doi.org/10.1016/j.anifeedsci.2014.07.011



dx.doi.org/10.1016/j.anifeedsci.2014.07.011
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0170
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0170
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0170
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0170
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0170
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0170
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0170
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0170
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0170
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0170
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0170
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0170
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0170
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0170
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0170
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0170
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0170
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0170
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0170
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0170
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0170
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0170
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0175
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0175
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0175
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0175
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0175
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0175
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0175
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0175
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0175
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0175
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0175
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0175
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0175
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0175
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0175
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0175
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0175
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0175
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0175
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0175
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0180
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0180
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0180
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0180
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0180
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0180
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0180
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0180
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0180
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0180
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0180
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0180
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0180
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0180
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0180
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0180
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0180
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0180
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0185
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0185
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0185
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0185
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0185
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0185
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0185
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0185
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0185
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0185
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0185
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0185
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0185
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0185
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0185
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0185
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0185
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0185
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0185
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0185
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0185
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0185
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0185
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0185
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0185
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0190
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0190
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0190
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0190
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0190
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0190
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0190
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0190
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0190
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0190
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0190
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0190
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0190
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0190
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0190
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0190
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0190
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0190
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0190
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0190
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0190
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0190
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0190
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0190
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0190
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0195
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0195
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0195
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0195
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0195
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0195
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0195
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0195
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0195
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0195
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0195
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0195
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0195
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0195
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0195
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0195
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0195
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0195
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0195
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0195
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0195
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0195
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0200
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0200
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0200
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0200
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0200
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0200
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0200
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0200
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0200
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0200
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0200
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0200
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0200
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0200
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0200
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0200
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0200
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0200
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0205
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0205
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0205
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0205
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0205
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0205
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0205
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0205
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0205
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0205
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0205
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0205
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0205
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0205
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0205
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0205
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0205
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0205
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0205
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0235
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0235
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0235
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0235
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0235
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0235
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0235
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0235
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0235
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0235
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0235
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0235
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0235
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0235
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0235
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0235
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0235
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0235
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0235
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0235
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0210
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0215
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0220
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0220
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0220
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0220
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0220
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0220
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0220
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0220
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0220
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0220
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0220
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0220
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0220
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0220
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0220
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0220
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0220
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0220
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0220
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0220
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0220
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0225
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230
http://refhub.elsevier.com/S0377-8401(14)00235-1/sbref0230

	Compositional profile and variation of Distillers Dried Grains with Solubles from various origins with focus on non-starch...
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Chemical analysis
	2.3 Calculations and statistical analysis

	3 Results
	3.1 Compositional variation in DDGS of various origins
	3.2 Compositional variation in corn DDGS from various ethanol plants
	3.3 Compositional variation between corn and corresponding corn DDGS

	4 Discussion
	5 Conclusion
	Conflict of interest
	Acknowledgements
	References


