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  ABSTRACT 

  The role of dried distillers grains plus solubles 
(DDGS) and associative effects of different levels of 
grape seed meal (GSM) fortified in DDGS, used as 
both protein and energy sources in the diet, on ruminal 
fermentation and microbiota were investigated using 
rumen-simulation technique. All diets consisted of hay 
and concentrate mixture with a ratio of 48:52 [dry mat-
ter (DM) basis], but were different in the concentrate 
composition. The control diet contained soybean meal 
(13.5% of diet DM) and barley grain (37%), whereas 
DDGS treatments, unfortified DDGS (19.5% of diet 
DM), or DDGS fortified with GSM, either at 1, 5, 10, 
or 20% were used entirely in place of soybean meal and 
part of barley grain at a 19.5 to 25% inclusion level. All 
diets had similar DM, organic matter, and crude protein 
contents, but consisted of increasing neutral detergent 
fiber and decreasing nonfiber carbohydrates levels with 
DDGS-GSM inclusion. Compared with the soy-based 
control diet, the unfortified DDGS treatment elevated 
ammonia concentration (19.1%) of rumen fluid associ-
ated with greater crude protein degradation (~19.5%). 
Methane formation decreased with increasing GSM for-
tification levels (≥5%) in DDGS by which the methane 
concentration significantly decreased by 18.9 to 23.4 
and 12.8 to 17.6% compared with control and unforti-
fied DDGS, respectively. Compared with control, unfor-
tified DDGS decreased butyrate proportion, and GSM 
fortification in the diet further decreased this variable. 
The proportions of genus Prevotella and Clostridium
cluster XIVa were enhanced by the presence of DDGS 
without any associative effect of GSM fortification. The 
abundance of methanogenic archaea was similar, but 
their composition differed among treatments; whereas 

Methanosphaera spp. remained unchanged, proportion 
of Methanobrevibacter spp. decreased in DDGS-based 
diets, being the lowest with 20% GSM inclusion. The 
abundance of Ruminococcus flavefaciens, anaerobic 
fungi, and protozoa were decreased by the GSM in-
clusion. As revealed by principal component analysis, 
these variables were the microorganisms associated 
with the methane formation. Grape seed meal fortifica-
tion level in the diet decreased DM and organic mat-
ter degradation, but this effect was more related to 
a depression of nonfiber carbohydrates degradation. It 
can be concluded that DDGS fortified with GSM can 
favorably modulate ruminal fermentation. 
  Key words:    dried distillers grains plus solubles ,  grape 
seed meal fortification ,  ruminal fermentation ,  ruminal 
microbiota ,  methane mitigation 

  INTRODUCTION 

  Incorporation of industrial by-products in animal 
diets is an economically and environmentally viable 
practice for livestock production, especially for rumi-
nants that can take advantages of fiber-rich and low-
quality feedstuffs. Dried distillers grains plus solubles 
(DDGS) are a by-product of ethanol production by 
yeast fermentation of grain starch. The fermentation 
process removes starch of grains and, in turn, enriches 
the content of other nutrients, making DDGS an excel-
lent source of protein, energy, and nonforage fiber in 
cattle diets (Abdelqader et al., 2009). However, DDGS 
can alter the characteristics of the diet because DDGS 
is low in physically effective fiber (small particle size of 
high specific density) and the NDF of DDGS is highly 
digestible (Zhang et al., 2010a). Such dietary charac-
teristics may negatively alter ruminal fermentation and 
rumen health (Li et al., 2012b; Zebeli et al., 2012). 
Supporting this notion, some studies report that DDGS 
resulted in undesired changes in ruminal fermentation 
characteristics (Loy et al., 2007; Li et al., 2012b). In 
dairy cows, DDGS replacing barley silage decreased 
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ruminal pH, rumination, chewing activity, and milk fat 
percentage (Penner et al., 2009; Zhang et al., 2010a,b). 
Environmentally, DDGS can lead to increased ruminal 
ammonia concentration and total N excretion in cattle 
(Hünerberg et al., 2013).

Due to the antimicrobial properties of plant second-
ary compounds, previous research attempted to use 
plant secondary compounds to lower ruminal protein 
degradation as well as to decrease greenhouse gas emis-
sions in cattle fed DDGS; some success in those studies 
has been reported (Hao et al., 2011; Li et al., 2012b). 
In ruminant nutrition, tannins are of interest when sup-
plied in small amounts. For example, in addition to 
their effects on microbes and mitigating methane emis-
sions (Jayanegara et al., 2010), tannins are also able to 
build indigestible complexes with certain protein and 
carbohydrate fractions under the rumen condition, thus 
decreasing the rate of ruminal degradation and subse-
quently increasing the flow of these nutrients for the 
lower gut digestion (Patra and Saxena, 2011). Grape 
seed meal (GSM), the residue from grape seeds after 
oil extraction, is a rich source of tannin phenols (Shi 
et al., 2003), making GSM an interesting by-product 
to be used in diets containing high energy and protein 
ingredients such as DDGS. We hypothesized that incor-
porating GSM in the DDGS component of the diet may 
favorably modulate ruminal fermentation in a way that 
GSM phenols affect the activity of ruminal microbiota 
by interacting with various protein and carbohydrate 
fractions of the DDGS or other components of the diet. 
Hence, this could shift substrate availability and poten-
tially shape substrate preferences of rumen microbiota. 
In the present study, we evaluated effects of DDGS 
with or without graded levels of GSM, used entirely in 
place of soybean meal and part of barley grain, on the 
abundance of rumen microbiota and ruminal fermenta-
tion characteristics in vitro using the rumen-simulation 
technique (Rusitec).

MATERIALS AND METHODS

Treatments and Experimental Diets

Six dietary treatments were used; all containing 48% 
second-cut meadow hay and 52% concentrate mixture 
(DM basis; Table 1). The concentrate mixture differed 
in its composition among diets. The control diet con-
tained 37% barley grain, 13.5% soybean meal, and 1.5% 
mineral-vitamin mix in diet DM. For the second diet, 
the entire portion of soybean meal and part of barley 
were replaced with DDGS (ActiProt, Agrana Stärke 
GmbH, Tulln, Austria) at a level of 19.5% in total diet 
DM. For the other 4 diets the same substitution manner 
was performed but DDGS fortified with GSM, either at 

1, 5, 10, or 20% GSM, were used instead of pure DDGS, 
respectively. The GSM-fortified DDGS products were 
provided by E. Taufratzhofer (Vinolis Traubenkernöl, 
Gumpoldskirchen, Austria). To keep all 6 diets at 
similar OM (~92%) and CP (~16.6%) levels, amount 
of the 4 DDGS-fortified products was 19.5, 20.5, 22.0, 
and 25% in diet DM, respectively. Before use, hay was 
chopped to about 1-cm in length, whereas the concen-
trate ingredients were ground through a 4-mm sieve. 
Grape seed meals used were a mixture of red and white 
grapes (40 and 60% wt/wt, respectively). As analyzed, 
both GSM contained total phenols 38 to 39 mg/g of 
DM, which was in a similar range as a previous report 
(Shi et al., 2003). More details regarding chemical com-
position of the diet ingredients are illustrated in Table 
1. The analyzed chemical composition of the individual 
ingredients was used to formulate the diets.

Experimental Design, Rusitec Procedure,  
and Sample Collection

Two Rusitec systems, each consisting of 6 incuba-
tion units, thus the experimental units, with an effec-
tive volume of 800 mL, were used in this experiment. 
The experiment was a completely randomized design, 
whereby 6 diets were tested in 3 experimental runs 
with 2 replicates in each run, resulting in 6 indepen-
dent measurements per each treatment. The procedure 
of Rusitec is explained in details in a previous study 
(Klevenhusen et al., 2014). In brief, each experimental 
run lasted 10 d, whereby the first 5 d were used for 
equilibration of the system and the last 5 d were used 
for samplings. Equilibration of the system was moni-
tored by the redox potential. On the first day of each 
run, ruminal fluid and solid digesta were obtained from 
2 out of the 3 nonlactating rumen-cannulated Brown 
Swiss cows kept at the Clinic for Ruminants at the 
University of Veterinary Medicine (Vienna, Austria) at 
about 3 h after morning feeding. Only 1 donor cow was 
available for the second experimental run. The donor 
cows had been fed with hay ad libitum and a daily al-
lowance of 0.5 kg of commercial concentrates (KuhKorn 
PLUS Energie, Garant-Tiernahrung GmbH, Pölchlarn, 
Austria). The cows were kept according to Austrian 
guidelines for animal welfare. Before use, ruminal fluid 
of the cows was mixed and filtered through 4 layers of 
medical gauze (1 mm pore size). Each fermenter was 
inoculated with 600 mL of strained ruminal fluid and 
100 mL of artificial saliva. Subsequently, a pair of ny-
lon bags (120 × 65 mm, 150 μm pore size, Fa. Linker 
Industrie-Technik GmbH, Kassel, Germany) was added 
to each fermenter, one filled with the experimental diet 
and another bag filled with solid ruminal digesta. On 
the second day, for each fermenter the digesta bag was 
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replaced with a fresh feed bag containing the respective 
experimental diet. During incubation, artificial saliva 
was continuously infused at a rate of 326 ± 19.2 mL/d 
(~2%/h) using a 12-channel peristaltic pump (model 
ISM932, Ismatec, Idex Health & Science GmbH, Wert-
heim, Germany). Effluent and fermentation gases were 
collected daily in effluent bottles kept in an ice tub 
and gas-tight bags (TecoBag 8 L, Tesseraux Container 
GmbH, Bürstadt, Germany), respectively. On daily 
basis, each feed bag, which was incubated for 48 h, was 
withdrawn, rinsed and squeezed above the fermenter 
with 50 mL of prewarmed buffer, and then replaced 
with a new feed bag. Subsequently, each fermenter was 
tightly closed and flushed with nitrogen gas for 3 min to 
reestablish anaerobic conditions. On the sampling days, 
1 h before feed bag replacement, 15 mL of incubation 
fluid was sampled directly from each fermenter through 
a 3-way valve. About 12 mL of the liquid sample was 
used for daily measurement of fermentation character-
istics, 2 mL was immediately stored at −20°C for short-
chain fatty acid (SCFA) analysis, and another 1 mL 
was snap frozen in liquid nitrogen and stored at −80°C 
until DNA extraction. The incubated feed (residue) 
bags were hand-washed with running cold water until 
the water was clear and kept at −20°C for chemical 
composition analysis.

Daily Measurements of Fermentation Characteristics

Redox potential, pH, and ammonia concentration of 
incubation fluid samples were immediately determined 
using a pH meter (Seven Multi TM, Mettler-Toledo 
GmbH, Schwerzenbach, Switzerland) equipped with 
the respective electrodes. Volume of effluent fluid was 
recorded to control the optimal buffer infusion. Daily 
gas volume was measured by the water replacement 

method (Klevenhusen et al., 2014) and gas composi-
tion was determined using an infrared detector (ATEX 
Biogas monitor Check BM 2000, Ansyco, Karlsruhe, 
Germany).

Concentration and composition of SCFA (acetate, 
propionate, isobutyrate, n-butyrate, isovalerate, and n-
valerate) were analyzed by GC, as described previously 
(Klevenhusen et al., 2014). Briefly, incubation fluid 
samples were thawed and then centrifuged at 20,000 
× g for 20 min at 20°C. The supernatant (0.8 mL) 
was transferred into a fresh tube with 0.2 mL of oxalic 
acid dehydrate and 0.2 mL of the internal standard 
(4-methyl valeric acid). The mixture was centrifuged 
again to remove remaining precipitated materials. The 
clear supernatant was analyzed for SCFA via GC (Fi-
sons GC model 8060 MS DPFC, No.: 950713, Rodena, 
Italy) equipped with a flame-ionization detector and a 
15-m × 0.530-mm capillary column (SN US46185178, 
JW Scientific, Folsom, CA). Temperatures of injector 
and detector were 170 and 190°C, respectively. Helium 
was used as carrier gas with flow rate of 1 mL/min. 
Identification of the peaks was performed using Stratos 
Software (Stratos version 4.5.0.0, Polymer Laborato-
ries, Shropshire, UK).

Chemical Composition Analysis

Chemical composition of feed and feed residues 
samples were analyzed by the proximate nutrient 
analysis. Prior to analysis, feed residue samples were 
pooled across the last 5 d of each experimental run. Ex-
perimental feeds and the pooled residue samples were 
oven-dried at 50°C for 48 h, ground passing through a 
0.75-mm sieve. The ground materials were randomly 
sampled for determination of DM, OM, CP, crude fat, 
and NDF. Dry matter was analyzed by oven drying at 

Table 1. Chemical composition of diet ingredients 

Item Hay
Barley  
grain

Soybean  
meal DDGS1

DDGS 
+ 1% GSM2

DDGS 
+ 5% GSM

DDGS 
+ 10% GSM

DDGS 
+ 20% GSM

Chemical composition  
(% of DM, unless otherwise noted)
 DM (%) 83.90 88.40 91.90 90.90 90.20 90.70 90.70 90.90
 OM 90.59 97.14 93.12 92.43 92.29 92.45 92.75 93.15
 CP 11.35 12.26 49.07 36.13 35.8 34.88 34.76 31.35
 NDF 57.3 21.1 19.7 37.8 39.5 38.4 41.8 45.9
 NFC3 20.09 60.99 21.62 11.63 10.18 12.36 9.79 10.27
 Ether extract 1.89 2.78 2.77 6.84 6.85 6.77 6.44 5.63
Phenolic compounds (% of DM)        
 Total phenols 1.95 0.79 0.75 1.50 1.55 1.74 2.14 2.78
 Free phenols 1.16 0.52 0.66 1.40 1.45 1.44 1.37 1.35
 Tannins 0.79 0.27 0.09 0.10 0.10 0.30 0.77 1.43
 Nontannins 1.16 0.52 0.66 1.40 1.45 1.44 1.37 1.35
1DDGS = dried distillers grains plus solubles.
2DDGS fortified with grape seed meal (GSM).
3NFC = 100 – (ash + CP + NDF + ether extract).
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100°C overnight and ash by combustion of samples at 
580°C overnight. Organic matter was then calculated 
from the ash content. Crude protein was analyzed by 
the Kjeldahl method (VDLUFA, 2007). The content 
of NDF was determined with the Fiber Therm FT 
12 (Gerhardt GmbH & Co. KG, Königswinter, Ger-
many) using heat-stable α-amylase. The NDF values 
are reported exclusive of residual ash. Crude fat was 
analyzed as ether extract using a Soxhlet extractor 
(Extraction System B-811, Büchi, Flawil, Switzerland). 
Subsequently, apparent nutrient disappearance, termed 
as nutrient degradation, was calculated from the dif-
ference between the amount found in diet and amount 
recovered in feed residue.

Analysis of Phenolic Compounds

All diet ingredients, and additionally pure GSM (red 
and white) samples, were finely ground with a ball mill 
for analysis of phenols (i.e., total phenols, tannin, and 
nontannin phenols). Briefly, to distinguish between free 
and bound total phenols, 2 extraction techniques were 
employed. For extraction of free phenols, about 400 
mg of each ground sample was mixed with 18 mL of 
60% ethanol (vol/vol) and 2.5 mL of distilled water 
in a 25-mL test tube. The test tube was placed in an 
ultrasonic bath at room temperature for 1 h. Subse-
quently, the mixture volume was made up to 25 mL 
with 60% ethanol (vol/vol) before filtrating through a 
cellulose paper. The clear extract was then used for free 
phenol content determination using the Folin-Ciocalteu 
method. For total phenol extraction (free plus bound 
forms), instead of distilled water 2.5 mL of 2N HCl 
was used and the acid hydrolysis underwent at 90 to 
95°C for 2 h in a water bath. After cooling, the mixture 
volume was made up to 25 mL with 60% ethanol (vol/
vol) before the filtration the same as the extraction of 
free phenols. For determination of tannins, 100 mg of 
polyvinyl-polypyrrolidone was added to 1 mL of etha-
nolic or acidic extract diluted with 1 mL of distilled 
water, well mixed, and incubated for 15 min at 4°C to 
precipitate tannins. After centrifugation the clear su-
pernatant (nontannins) was used for the phenolic assay.

The phenolics in the extract or after precipitation 
were determined by the Folin-Ciocalteu method in 
which the colorimetric reactions were adapted to be 
measured with a microplate absorbance reader (iMark, 
Bio Rad Laboratories, Inc., Hercules, CA). In the wells 
of the microplate, 10-μL extracts were added to 100 μL 
of distilled water followed by 5 μL of Folin-Ciocalteu 
reagent, 10 μL of Na2CO3 (35% in distilled water), and 
125 μL of distilled water. After 1 h of resting in the 
dark, the absorbance was measured at 750 nm. The 
phenolics were expressed as gallic acid equivalents.

Genomic DNA Extraction and Quantitative PCR

Prior to DNA extraction, the frozen incubation fluid 
samples from each fermenter each run were thawed 
at 4°C, pooled, and mixed well (total n = 36). Then 
DNA was extracted from about 250 μL of homogenized 
sample using the PowerSoil DNA extraction kit with 
a bead beating method (MoBio Laboratories Inc., 
Carlsbad, CA). Primers targeting the various microbial 
genera and species were selected based on the recent 
studies on rumen microbiota (Table A1). Quantifica-
tion of DNA in samples was done on a Stratagene 
Mx3000P QPCR System (Agilent Technologies, Santa 
Clara, CA) using Brilliant II SYBR Green QPCR Low 
ROX master mix (Agilent Technologies) mixed with 
the selected primer set at a concentration of 400 nmol 
for each primer and 1 μL of genomic DNA. Each am-
plification reaction was run in duplicate with a final 
volume of 25 μL. Amplification procedure and subse-
quent gel electrophoresis procedure for checking PCR 
products were previously described in Metzler-Zebeli et 
al. (2013). Standard curves were constructed using the 
universal primer set 27F-1492R for quantification of 
total bacterial 16S rRNA gene, primer set P.SSU.-54f-
P.SSu-1747r for total protozoal 18S rRNA gene, and 
primer set 109F-934R for archaeal 16 rRNA gene. Am-
plification efficiency and quantification of final copy 
numbers (gene copies per milliliter of incubation fluid) 
were calculated (Metzler-Zebeli et al., 2013). Amplifica-
tion efficiency was calculated according to the equation 
E = 10(−1/slope)  − 1 (Table A1). Gene copy numbers 
of total bacteria, total protozoa, total methanogens, 
and fungi were determined by relating the Cq (quan-
tification cycle) values to standard curves. The final 
copy numbers per milliliter of incubation fluid of total 
bacteria, total protozoa, total methanogens, and fungi 
were calculated using the equation (QM × C × DV)/
(S × V), where QM was the quantitative mean of the 
copy number, C was the DNA concentration of each 
sample, DV was the dilution volume of extracted DNA, 
S was the DNA amount (ng) subjected to analysis, and 
V was the weight of the sample (g) subjected to DNA 
extraction (Li et al., 2012a).

The relative abundance of target bacterial, protozoal, 
and archaeal group or species was expressed as a pro-
portion of total bacterial 16S rRNA gene, protozoal 18S 
rRNA gene, and archaeal 16S rRNA gene, respectively, 
calculated from threshold cycle (Ct) value [relative 
quantification = 2−(Ct target − Ct total number)] (Metzler-Zebeli 
et al., 2013). In addition to protein degradation, hydro-
lysis of urea also contributes to ammonia pool in the 
rumen; therefore, we investigated the abundance of the 
urease gene. Relative quantification of the urease gene 
levels was calculated using the ΔΔCt method (Livak 
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and Schmittgen, 2001). The total bacterial 16S rRNA 
gene was used for normalization.

Statistical Analyses

All statistical analyses were performed using SAS 
(version 9.2, SAS institute Inc., Cary, NC), and only 
linear discriminant analysis (LDA) was carried out 
using JMP software (version 10, SAS Institute Inc., 
Cary, NC). Data of daily measurements were analyzed 
as repeated measures. Fermenter was considered as 
the experimental unit on which all the measures were 
repeated (sampling days). The model consisted of the 
fixed effects of dietary treatment and sampling day, 
considering the variation between experimental runs 
and the covariation within experimental units with a 
compound symmetry covariance structure, which was 
specified by the RANDOM statement and the RE-
PEATED statement, respectively (Littell et al., 1998). 
For degradation and quantitative PCR data, as samples 
were pooled across sampling days before laboratory 
analysis, means of analytical replicates were analyzed 
as complete randomized design with the statistical 
model consisting of the fixed effect of dietary treat-
ment and the random effect of experimental run. Some 
extreme values of ammonia and fermentation gas were 
noted. These values were considered outliers when their 
studentized residual was beyond ±3.0 (Khiaosa-ard and 
Zebeli, 2013) and were eliminated from the data set. 
Other gas composition data of these outlier values were 
excluded accordingly. The ANOVA was carried out us-
ing the MIXED procedure of SAS. Pairwise comparison 
among least squares means of control and other treat-
ments containing DDGS, as well as among DDGS diet 
and treatments with GSM, followed Tukey’s method. 
Orthogonal contrasts were performed to test linear and 
quadratic effects of GSM fortification level.

The LDA was used to examine potential relationships 
between dietary treatments and gene copies of microbial 
groups in incubation fluid. The LDA shows similarities 
and differences regarding microbial variables among the 
data sets (i.e., diets) in a way that the diets exhibiting 
similarities are clustered together and those that are 
different are placed further apart in the canonical axes 
1 and 2. Inter-relationships among variables (microbial 
gene copy numbers and averaged fermentation traits) 
were determined with principal component analysis 
(PCA) using the Princomp procedure of SAS, which is 
based on variables standardized to zero mean and unit 
variance. The correlation matrix was used to generate 
principal component eigenvalues and associated loading 
plots. This procedure is necessary when variables are 
measured in different units (Quinn and Keough, 2001). 
Proc Corr of SAS was also used to compute the correla-

tions between variables and principal components and 
the significance level of the variables.

RESULTS

Fermentation Characteristics

Results of fermentation characteristics are shown in 
Table 2. Dietary treatment did not affect pH of incuba-
tion fluid (P = 0.940) with average values of 6.6 to 
6.7 across treatments. Control diet had greatest redox 
potential (P < 0.001), but lowest ammonia concentra-
tion (P = 0.024). Both redox potential and ammonia 
concentration did not largely change with fortification 
of GSM compared with pure DDGS. Concentrations of 
carbon dioxide and methane in fermentation gas (%) 
were quite low resulting from a dilution of nitrogen gas 
used for flushing the headspaces of the fermenters dur-
ing feed bag exchange process. All methane variables, 
concentration of methane in fermentation gas (%), ab-
solute methane formation (mL/d), and the formation 
per gram of degraded OM or NDF were significantly 
altered by GSM fortification of DDGS (P < 0.01 for all 
except degraded OM, P = 0.015), and the inhibitory 
effect was more evident when the fortification level was 
≥5%. The DDGS had a slightly lower value (5–10%) 
than most methane variables compared with that of 
control (P > 0.05), but DDGS decreased methane per 
milliliter of degraded NDF by 36% (P < 0.001). When 
comparing GSM fortification with control diet, the 
GSM treatments decreased these methane variables by 
19 to 23%; for methane per milliliter of degraded NDF 
a 29 to 51% reduction was seen.

Dietary treatment did not alter total SCFA forma-
tion, with a range of 94.3 to 99.1 mM (P = 0.731); 
however, the SCFA profile differed among treatments 
(Table 2). Acetate proportion of DDGS treatment was 
similar to the value of control. However, this variable 
linearly increased with increasing GSM fortification 
levels (P = 0.037). The maximum change occurred 
with treatment at 20% GSM fortification in which 
acetate proportion was about 3.7% higher than the 
control. Propionate proportion remained unaffected, 
although a slight trend for a quadratic effect of GSM 
fortification level was noted (P = 0.072). Acetate-to-
propionate ratio was similar among treatments, ranging 
from 1.35 to 1.46. Butyrate and isovalerate proportions 
were decreased with DDGS treatment compared with 
control (P < 0.01). Butyrate was further decreased 
with increasing GSM fortification levels (linear effect, 
P = 0.003). Isobutyrate proportion was greater (P < 
0.001) in the DDGS treatment than in control diet, but 
GSM fortification did not further affect this variable. 
A quadratic effect of GSM fortification level on valer-
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Table 2. Rumen fermentation characteristics and nutrient degradability of supplied feed (apparent disappearance after 48-h incubation) as affected by dietary treatment 

Item Control1

Level of GSM in DDGS2 (%)

SEM

Contrast

0 1 5 10 20
Con vs.  
DDGS3

GSM 
Lin4

GSM 
Quad5

pH 6.65 6.64 6.65 6.65 6.64 6.64 0.043 0.532 0.807 0.429
Redox (mV) −217.7a −238.7b −242.8b −248.3b −244.6b −241.4b 6.14 <0.001 0.384 0.014
Ammonia (mM) 18.8 22.4 18.7 19.6 22.5 20.0 3.97 0.024 0.791 0.297
Carbon dioxide (%) 19.8a 18.7ab 19.4ab 17.1bc 16.1c 16.4c 0.57 0.154 <0.001 0.885
Methane (%) 2.01a 1.87ab 1.90ab 1.63b 1.54b 1.61b 0.091 0.268 0.002 0.442
Methane (mL/d) 29.5a 27.7ab 28.6ab 24.1ab 22.6b 23.4ab 1.594 0.405 0.004 0.668
Methane (mL/g of digestible OM) 5.04a 4.61ab 4.88ab 4.12ab 3.89b 4.09ab 0.283 0.249 0.015 0.727
Methane (mL/g of digestible NDF) 34.0a 21.7bc 24.0b 20.1bc 17.6c 16.4c 2.80 <0.001 <0.001 0.314
Short-chain FA (mM) 96.7 99.1 94.3 98.1 95.2 98.6 6.22 0.511 0.978 0.324
Individual (mol/100 mol)          
 Acetate 48.8b 49.2ab 50.0ab 49.9ab 50.0ab 50.6a 0.76 0.441 0.037 0.995
 Propionate 36.3 36.0 35.6 35.3 35.1 36.0 1.13 0.477 0.807 0.072
 Butyrate 8.14a 7.55b 7.55b 7.24b 7.13b 7.21b 0.347 <0.001 0.003 0.428
 Isobutyrate 0.702b 0.802a 0.762a 0.775a 0.785a 0.760ab 0.0386 <0.001 0.192 0.620
 Valerate 3.72bc 4.29ab 3.97b 4.56a 4.82a 3.25c 0.667 0.023 0.027 <0.001
 Isovalerate 2.33a 2.17b 2.16b 2.20ab 2.14b 2.14b 0.432 0.004 0.575 0.590
 Acetate:propionate 1.35 1.37 1.46 1.42 1.43 1.41 0.064 0.679 0.720 0.267
Degradation (%)           
 DM 54.0ab 55.4a 54.3ab 54.2ab 53.9ab 53.0b 0.53 0.025 <0.001 0.938
 OM 52.4ab 53.7a 52.6ab 52.6ab 52.2ab 51.1b 0.53 0.047 <0.001 0.806
 CP 50.2b 60.0a 59.4a 60.5a 58.9a 59.5a 1.05 <0.001 0.642 0.913
 NDF 20.6 26.0 24.2 24.1 24.4 26.0 2.29 0.017 0.953 0.208
a–cLeast squares means sharing no common superscripts are significantly different (P < 0.05) according to Tukey’s method.
1Control diet contained soybean meal as the protein source (Table 1).
2DDGS = dried distillers grains plus solubles; GSM = grape seed meal.
3Control vs. DDGS (0% GSM).
4Linear response of grape seed meal levels (including 0%) fortified in DDGS.
5Quadratic response of grape seed meal levels (including 0%) fortified in DDGS.
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ate proportion (P < 0.001) was observed, and the 10% 
GSM treatment resulted in the highest value.

Nutrient Degradation

Degradation of nutrients, especially CP (P < 0.001), 
was affected by dietary treatment (Table 2). Degrada-
tion of DM and OM in the control diet was lower than 
in DDGS (P < 0.05). Fortification level of GSM linearly 
decreased the degradation of both DM and OM (P < 
0.001). The DDGS in the diet increased degradation of 
CP by 20% compared with control (P < 0.001). This 
was also true in GSM-fortification treatments with 
higher CP degradation (17.3–20.5%) than the control. 
We detected no linear or quadratic effect of GSM for-
tification on CP degradation. The degradation of NDF 
in DDGS treatment was greater than the control diet 
(P = 0.017), whereas GSM fortification did not affect 
this variable.

Ruminal Microbiota

Dietary treatment altered both the abundance and 
the composition of ruminal microbes (Table 3), but 
less for the abundance in the expression of urease gene 
(Figure 1). Total bacterial gene copy numbers were 
linearly decreased at increasing fortification levels of 
GSM (P = 0.042). Among the bacterial groups stud-
ied, genus Prevotella was the most abundant bacterial 
group investigated and its proportion was significantly 
affected by treatment. Interestingly, the proportions of 
genus Prevotella (P = 0.002) and Clostridium cluster 
XIVa (P = 0.02) were enhanced by the presence of 
DDGS without any associative effect of GSM fortifica-
tion. Proportions of cellulolytic bacterium Rumincoc-
cus albus tended to increase by DDGS treatment (P = 
0.094) compared with soybean meal-based control diet, 
but GSM fortification did not affect this bacterium. A 
quadratic effect of GSM fortification of the DDGS was 
observed on Fibrobacter succinogenes (P = 0.018) and 
Lactobacillus spp. (P = 0.047). There was no treat-
ment effect on the remaining bacterial groups or species 
(Enterobacteriacae, Clostridium cluster I and IV, Ru-
minococcus flavefaciens, and Butyrivibrio fibrisolvens). 
The coverage of the investigated bacterial groups and 
species as percentage of total bacteria in control was 
lower than in DDGS treatment (P = 0.009), but the 
GSM fortification of DDGS did not further affect this 
variable. For methanogenic archaea, their abundance 
was similar but their composition differed among treat-
ments. Whereas the Methanosphaera spp. proportion 
remained unchanged between treatments (P = 0.562), 
Methanobrevibacter spp. proportion was highest in the 
control diet. The DDGS treatment decreased the pro-

portion by 28% (contrast analysis, P = 0.037) compared 
with control, whereas GSM fortification levels showed 
a quadratic effect (P = 0.011). These 2 methanogenic 
genera with clear predominance of Methanobrevibacter 
covered more than half of the total methanogens (57.3–
68.4%), except for 20% GSM fortification of DDGS in 
which its coverage was only 40%, significantly lower 
than control (P < 0.05). The DDGS decreased the total 
coverage from these 2 genera compared with control (P 
= 0.038) and a quadratic effect of GSM fortification 
was seen (P = 0.012). Protozoa numbers were affected 
by GSM fortification level, which linearly decreased 
their abundance (P = 0.007). However, proportion of 
the most abundant species Entodinium spp. remained 
similar between treatments. Last, gene copy numbers of 
total anaerobic fungi were lower in DDGS and DDGS 
with 20% GSM compared with control (P < 0.05), 
whereas other GSM treatments showed intermediate 
values. As shown in Figure 1, the urease gene tended to 
be more abundant with the DDGS diet containing 5% 
GSM than the control diet (P = 0.07) or DDGS with 
lower GSM levels (P < 0.10).

Multivariate Analysis

Linear discriminant analysis of dietary treatments 
and microbial abundance in incubation fluid revealed 
4 clusters for the effects of dietary treatments. Unforti-
fied DDGS and the 5 and 20% GSM fortification treat-
ments were clustered together, whereas the control diet 
and the other GSM treatments were clustered further 
apart from each other (Figure 2). This means that the 
microbiota of the 3 treatments that clustered together 
had a higher similarity, whereas the control diet largely 
differed from the other treatments and the abundances 
of B. fibrisolvens and Enterobacteriaceae discriminated 
the control from the others. The DDGS treatment was 
more correlated with F. succinogenes and Clostridium 
cluster I, whereas total fungi and Lactobacillus spp. 
discriminated best for the treatment with 1% GSM for-
tification. The treatment with 10% GSM fortification 
was more correlated with the 2 methanogenic species 
than any other treatment.

A loading plot originating from PCA is a plot of the 
relationship between original variables and subspace di-
mension. The loading plots revealed relationships among 
variables studied (Figure 3). Only the first 3 compo-
nents were plotted and in total they explained 58.5% of 
the total variation (26.2, 20.0, and 12.3%, respectively). 
Propionate proportion (r = 0.627, P < 0.001) and total 
SCFA (r = 0.670, P < 0.001) correlated strongly with 
the first component, whereas isovalerate proportion 
had the negative relationship (r = −0.863, P < 0.001; 
Figure 3a) with the first component. This component 
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can be viewed as a measure of overall fermentation. 
Compared with other fermentation variables, methane 
variables, especially methane in milliliters per gram of 
degraded NDF (r = 0.812, P < 0.001) and OM (r = 
0.694, P < 0.001) and butyrate proportion (r = 0.680, 
P < 0.001), had greater positive correlation with the 
second component, whereas ammonia production (r = 
−0.737, P < 0.001), acetate proportion (r = −0.736, 
P < 0.001), acetate to propionate (r = −0.708, P < 
0.001), and NDF degradation (r = −0.677, P < 0.001) 
had a high negative correlation with this component. 
Methane and nutrient degradability variables are also 
the main contributors to the third component (Figure 
3b). Thus, the last 2 components can be viewed as a 
measure of methane formation, which, however, was 
influenced by different factors.

The contribution of the microbial groups and species 
to ruminal fermentation can be interpreted from the po-
sition of variables on the loading plots as each variable 
represents its relationship to other variables. Variables 
clustering close to each other are strongly and positively 
correlated, whereas variables in the opposite direction 
are negatively correlated. Accordingly, methane vari-

ables were positively correlated with carbon dioxide 
percentage in total gas, butyrate, gene copy numbers of 
total fungi, and R. flavefaciens (Figure 3a), suggesting 
the major contribution of these microbes to the methane 
formation. Total methanogens, Clostridium cluster XIVa, 
Prevotella, and total SCFA were clustered together. 
These variables, and R. albus, oriented in an opposite 
direction to the cluster of methane variables. In addi-
tion, degradation of DM and OM, methane variables, 
and protozoa variables were clustered together and posi-
tively correlated with the third component (Figure 3b), 
reflecting the role of protozoa and the effect on nutrient 
degradability on methane variables, though with smaller 
magnitude as the third component explained smaller 
part of the total variation.

DISCUSSION

Effects of Unfortified DDGS on Ruminal 
Fermentation and the Role of Microbiota

In general, DDGS can vary considerably in nutri-
ent composition as influenced by DDGS type (wet vs. 
dried), the type of original grains, and bioethanol plant 

Table 3. Gene copy numbers (log10 gene copies/mL) and relative proportion of ruminal microbes of 48-h rumen incubation fluid as affected by 
dietary treatment 

Item Control1

Level of GSM in DDGS2 (%)

SEM

Contrast

0 1 5 10 20
Con vs. 
DDGS3

GSM 
Lin4

GSM 
Quad5

Total bacteria 9.19 9.12 9.14 9.18 9.07 9.02 0.066 0.242 0.042 0.057
 Proportion6 (%)           
  Prevotella 6.28b 8.96a 8.90a 8.63ab 8.83a 8.86a 0.558 0.002 0.861 0.779
  Enterobacteriaceae (×10−3) 2.34 4.20 5.01 2.85 2.40 3.80 0.988 0.182 0.270 0.431
  Fibrobacter succinogenes 0.215 0.247 0.238 0.217 0.227 0.287 0.270 0.213 0.241 0.018
  Clostridium cluster I (×10−6) 5.83 7.96 9.82 13.99 17.92 11.16 6.319 0.807 0.480 0.466
  Clostridium cluster IV 1.44 1.42 1.41 1.39 1.32 1.31 0.143 0.868 0.307 0.914
  Ruminococcus albus (×10−2) 1.61 2.14 2.04 2.50 2.35 2.29 0.690 0.094 0.375 0.516
  Ruminococcus flavefaciens (×10−5) 1.26 1.71 2.74 2.39 0.754 1.75 0.696 0.548 0.291 0.526
  Clostridium cluster XIVa 0.92 1.14 1.11 1.16 1.02 1.11 0.105 0.020 0.462 0.865
  Butyrivibrio fibrisolvens (×10−3) 1.46 1.02 1.02 0.96 0.82 1.12 0.229 0.126 0.979 0.484
  Lactobacillus group 1.52 1.45 1.65 2.12 2.13 1.74 0.322 0.821 0.123 0.047
 Coverage (%) 10.38b 13.22ab 13.36ab 13.52a 13.53a 13.31ab 0.794 0.009 0.873 0.747
Total methanogenic archaea 6.33 6.66 6.43 6.63 6.50 6.61 0.119 0.763 0.172 0.477
 Proportion6 (%)           
  Methanobrevibacter spp. 67.9a 49.0ab 58.7ab 61.7ab 56.7ab 39.5b 15.52 0.037 0.283 0.011
  Methanosphaera spp. 0.494 0.517 0.391 0.394 0.540 0.493 0.1516 0.820 0.659 0.268
 Coverage (%) 68.4a 49.6ab 59.1ab 62.1ab 57.3ab 40.0b 15.59 0.038 0.287 0.012
Total protozoa 6.36 6.23 6.36 6.30 5.77 5.71 0.179 0.622 0.007 0.214
 Proportion6 (%)           
  Entodinium spp. 42.45 36.00 36.87 41.59 47.08 38.36 4.736 0.269 0.253 0.234
Total anaerobic fungi (%) 5.02a 4.33b 4.68ab 4.57ab 4.45ab 4.28b 0.396 0.003 0.520 0.079
a,bLeast squares means sharing no common superscripts are significantly different (P < 0.05) according to Tukey’s method.
1Control diet contained soybean meal as the protein source (Table 1).
2DDGS = dried distillers grains plus solubles; GSM = grape seed meal.
3Control vs. DDGS (0% grape seed meal).
4Linear response of grape seed meal levels (including 0%) fortified in DDGS.
5Quadratic response of grape seed meal levels (including 0%) fortified in DDGS.
6Relative quantification = 2−(Ct target – Ct total number). Ct = threshold cycle.
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origin (Nuez Ortín and Yu, 2009; Liu, 2012). In the 
present study, the nutritive value, based on the chemi-
cal composition, of unfortified DDGS was comparable 
to the general composition of DDGS reviewed by Liu 
(2012). We found that independent of GSM, DDGS 
inclusion decreased redox potential of the incubation 
fluid compared with control; however, all values were 
still in the normal range found in the rumen of cattle 
(Julien et al., 2010). Together with the maintained pH 
of about 6.7, this indicates optimal fermentation condi-
tions for microbial growth and activity in the current 
Rusitec study.

Although total SCFA, acetate, and propionate were 
not affected, decreased butyrate and isovalerate and 
increased isobutyrate and valerate levels clearly showed 
that inclusion of DGGS modulated microbial metabolic 
activity when compared with the control treatment. 
Substituting DDGS for soybean meal and barley grain 
lowered the availability of easily degradable NFC, most 
likely starch, but increased the content of potentially 
degradable fiber. It is therefore possible that greater 
starch availability in the control diet compared with 
DDGS was associated with greater butyrate instead of 

Figure 1. Linear discriminant analysis of the determinant gene copy numbers of microbial groups relative to dietary treatments: soybean 
meal-based control diet (�), and diets based on dried distillers grains plus solubles (DDGS) containing grape seed meal (GSM) at the 0 (□), 1 
(+), 5 ( ), 10 ( ), and 20% (�) level. The asterisk (*) in the middle of the circles indicates multivariate mean of each independent variable 
(i.e., diets), and the size of the circle indicates the 95% confidence limits of the mean. The distance between the diets in the canonical axis 1 
and 2 reflects their dissimilarity. The straight lines are indicative of dependent variables included in the analysis, and their length and angles 
between them are function of the relative effects of independent variables. Color version available online.

Figure 2. Relative abundance (expressed as fold change) of urease 
gene in response to dietary treatments: control = soybean meal-based 
control diet, and diets based on dried distillers grains plus solubles 
(DDGS) containing grape seed meal (GSM) at the 0, 1, 5, 10, and 20% 
level. Means carrying different letters (a,b) tend to differ (P < 0.10) 
according to Tukey’s method.
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Figure 3. Loading plots of the first 3 principal components showing the relationships among variables; the ovals group variables that are 
positively associated with methane variables. A/P = acetate-to-propionate ratio; %CH4 = methane percentage in total gas; CH4 mL = methane 
per day (mL); CH4NDF = methane formation per gram of degraded NDF; CH4OM = methane formation per gram of degraded OM; %CO2 = 
carbon dioxide percentage in total gas; %C2 and %C5 = molar percentage of acetate, propionate, butyrate, and valerate (%), respectively; %C4- 
and %C5-iso = molar percentage of isobutyrate and isovalerate, respectively; DCP, DDM, DNDF, and DOM = degraded CP, DM, NDF, and 
OM (%), respectively; NH3 = ammonia (mM); Redox = redox potential (mV); Total SCFA = total short-chain FA (mmol/L); BF = Butyrivibrio 
fibrisolvens; Cl. I, IV, and XIVa = Clostridium cluster I, IV, and XIVa, respectively; Ente = Enterobacteriaceae; Ento = Entodinium spp.; Fungi 
= total fungi; FS = Fibrobacter succinogenes; Lact = Lactobacillus group; Mb = Methanobrevibacter spp.; Ms = Methanosphaera spp.; Meth = 
total methanogens; Prev = genus Prevotella; Protz = total protozoa; RA = Ruminococcus albus; RF = Ruminococcus flavefaciens. 
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the typical increase of propionate formation, as report-
ed previously (Lettat et al., 2010). According to the 
SCFA profile, we expected a corresponding decrease 
in the abundance of butyrate-producing bacteria due 
to DDGS inclusion. Accordingly, an important rumi-
nal butyrate producer, B. fibrisolvens (Pryde et al., 
2002), tended to be less abundant with DGGS than 
with the control treatment. Interestingly, the propor-
tion of Clostridium cluster XIVa, which also includes 
several butyrate-producing bacteria (Li et al., 2012b), 
was enhanced with DDGS compared with the control, 
indicating that other members—potentially fibrolytic 
members—than butyrate-producers were promoted. 
Promotion of fibrolytic bacteria by DDGS inclusion 
would be supported by higher abundance of Prevotella 
and R. albus with DDGS compared with the control.

One of the major environmental concerns about 
DDGS is an excess of ruminal protein supply, which 
can lead to an increase in N cycling and thus nitrogen 
excretion affecting ammonia and nitrous oxide emis-
sions (McGinn et al., 2009; Hünerberg et al., 2013). 
Despite the similar CP contents among our diets, 
DDGS treatment still caused an increase in ammonia 
concentration compared with the soy-based control 
diet. This finding indicates higher amounts of RDP of 
DDGS than soybean meal and a lower utilization of the 
available ammonia by rumen microbiota due to lack of 
available energy.

A higher RDP of DDGS was clearly confirmed by 
higher CP degradation of the DDGS diet, and was 
supported by the elevated valerate and isobutyrate 
proportions, the end products of ruminal deamina-
tion of dietary AA. Most ruminal cellulolytic bacteria 
require valerate and branched-chain SCFA for growth 
(Zhang et al., 2013). Together with slightly decreased 
total bacteria abundance in the DDGS treatment, this 
reflects a lack of readily available energy (NFC) for 
bacterial protein synthesis. In our study, the replace-
ment of soybean meal and some of barley grain by 
DDGS in the diet lowered the content of dietary NFC 
by 5%, and most likely that of starch, which is typi-
cally used as rapid energy source by rumen microbiota. 
Conversely, the substitution also increased the content 
of NDF, which might have led to a mismatch of energy 
and ammonia availability due to slower degradation of 
NDF than starch, and hence lower microbial protein 
synthesis and ammonia utilization. According to Li et 
al. (2012b), Prevotella, the most abundant genus in the 
rumen community, consists of a group of bacteria re-
sponsible for protein metabolism. Our relative quanti-
fication of microbiota also showed an increase of genus 
Prevotella in the bacterial community with unfortified 
DDGS. Similarly, Callaway et al. (2010) reported in-
creased Prevotella in the rumen with increasing DDGS 

levels in a basal feedlot diet. However, only the increase 
of Prevotella was not sufficient to entirely explain the 
current results of protein degradation. This was not 
surprising, as this genus is very large and a confound-
ing effect from carbohydrate-degrading members was 
likely. Besides, other proteolytic bacteria that were not 
covered by the present primer sets used presumably 
contributed to the protein degradation.

We found that bacteria expressing the urease gene 
cannot fully describe the DDGS effect on ammonia 
enhancement, as the abundance found with unforti-
fied DDGS was similar to that of the control, whereas 
only DDGS containing 5% GSM tended to elevate the 
abundance of this gene. This can be explained by the 
fact that urease gene represents a small proportion of 
total bacteria and the abundance of the urease gene 
may not entirely represent urease activity. The lack of 
influence was not surprising, as urea hydrolysis is car-
ried out by bacteria adhering to ruminal epithelium 
(Huntington and Archibeque, 2000); perhaps for in vivo 
situations the effect of DDGS on urea hydrolysis may 
be more evident. Future DDGS-related research should 
pay particular attention to protein- and urea-degrading 
bacteria and metabolic activity of ammonia producers 
in the rumen.

Previous research has shown promising effects of DDGS 
on methane mitigation (McGinn et al., 2009). However, 
this was not evident herein, which was in agreement with 
Li et al. (2012c). Diet components such as NDF and fat 
have a profound effect on methane emissions in cattle 
by which NDF is more likely to promote the formation 
(Jayanegara et al., 2011), whereas fat has an opposite 
effect (Hünerberg et al., 2013). Surprisingly, compared 
with the control, we found similar methane formation 
in the DDGS treatment, which was accompanied by its 
higher degradability of nutrients including NDF. The 
increased NDF degradation was nevertheless expected 
because the replacement of DDGS increased NDF con-
tent (mostly of hemicellulolytic nature) of the diet and 
it is highly digestible (Nuez Ortín and Yu, 2009; Zhang 
et al., 2010a). According to Hünerberg et al. (2013), the 
methane mitigation effect of DDGS is likely to associ-
ate with the fat content of DDGS. They observed that 
high-fat corn DDGS and wheat DDGS plus oil decreased 
methane emissions in beef cattle, whereas without oil ad-
dition wheat DDGS showed no effect. This may explain 
the lack of a methane mitigation effect of the DDGS 
inclusion in the present experiment.

Associative Effects of GSM on Methanogenesis  
and the Role of Microbiota

In our study, total phenol content of the diet increased 
with increasing GSM fortification levels, but this was 
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more related to the increase of the tannin fraction than 
the nontannin fraction. Phenolic compounds, tannins 
in particular, have been shown to form complexes with 
protein and cellulose and alter composition and activity 
of several ruminal microbes; hence, they can decrease 
ruminal methane formation as well as ammonia produc-
tion (Carulla et al., 2005; Jayanegara et al., 2010; Patra 
and Saxena, 2011). In agreement with these reports, 
increasing GSM fortification levels in DDGS, and thus 
the tannin levels, linearly decreased methane variables. 
Based on the microbiota and PCA results, the methane 
inhibition was associated with decreased abundance of 
fungi and bacteria rather than methanogens, decreased 
butyrate production, and, to a smaller extent, decreased 
nutrient degradation, most likely that of NFC.

With respect to microbial changes, despite the 
substantial decrease of methane by the GSM fortifi-
cation, surprisingly the role of methanogens, both the 
abundance and the relative proportion of the 2 genera 
investigated, was not well recognized in our study. 
Nevertheless, we observed a quadratic effect of GSM 
on the proportion of Methanobrevibacter spp. As the 
predominant methanogenic species in the rumen, the 
contribution of Methanobrevibacter spp. on methane 
formation has been reported previously (Mohammed et 
al., 2011). Indeed, in several cases, not the methanogen 
populations but rather the diversity has been described 
as more important for enteric methane emissions (Mo-
hammed et al., 2011; Khiaosa-ard and Zebeli, 2014). 
However, this needs to be looked at for specific species 
or strains levels (Khiaosa-ard and Zebeli, 2014), which 
was not the case in our study.

According to our PCA, total fungi, R. flavefaciens, 
and protozoa were associated with the methane results 
observed in the present study. These microbial variables 
clustered with methane variables, indicating that they 
varied together. Previous research showed that tannins 
resulted in ruminal methane suppression, which was 
often accompanied by a reduction in protozoa numbers 
(Khiaosa-ard et al., 2009; Jayanegara et al., 2010). The 
role of protozoa in methane formation is recognized as 
a large producer of hydrogen and the host of methano-
gens in the rumen (Mosoni et al., 2011). With respect 
to aforementioned unaltered methanogen populations, 
this indicates no strong association between protozoa 
and methanogen populations in the present study, 
which agrees with a previous report (Jayanegara et al., 
2010). Therefore, the methane inhibition found here 
seemed to be a consequence of lower hydrogen supply 
for methanogenesis partly from protozoa inhibition.

To our knowledge, little information exists regarding 
direct effects of plant secondary compounds on ruminal 
anaerobic fungi and its contribution to methane forma-

tion. As in protozoa, anaerobic fungi have an organelle 
called hydrogenosome and produce hydrogen. Interspe-
cies hydrogen transfer between anaerobic fungi and 
methanogens, thus influencing ruminal methanogen-
esis, has been documented (Bauchop and Mountfort, 
1981; Mountfort et al., 1982). It can be expected that 
a decrease of anaerobic fungi will decrease methane. 
Supporting this assumption, we found that the pres-
ence of GSM tannin phenols inhibited the number of 
anaerobic fungi and, thus, might have lowered hydro-
gen available for methanogens. Tannins can be toxic 
to fungi and yeast (Scalbert, 1991) and decrease their 
fiber-degrading ability (Patra and Saxena, 2011). Sev-
eral mechanisms describing antimicrobial properties 
of tannins were proposed (Patra and Saxena (2011). 
These mechanisms are related to its protein-binding 
property and its direct actions on microbial growth and 
metabolism.

Accumulated evidence demonstrates that the pres-
ence of different dominant cellulolytic bacterial species 
can influence methane production (Chaucheyras-Du-
rand et al., 2010). The major cellulolytic bacteria in the 
rumen, F. succinogenes, R. albus, and R. flavefaciens 
(Koike and Kobayashi, 2009), were comparable among 
treatments in our study, but PCA indicated an asso-
ciation between methane formation and R. flavefaciens 
only. It is not clear why R. flavefaciens and R. albus 
did not cluster together and both even had different 
relationship with methane variables. Both ruminococci 
have similar carbohydrate fermentation and end prod-
ucts, only R. flavefaciens produces succinate as one of 
its major products (Krause et al., 1999). Also, these 2 
bacterial species have been shown to form methane in 
cocultures with different methanogenic species (Latham 
and Wolin, 1977; Miller et al., 2000). Nevertheless, the 
different susceptibility of fibrolytic bacterial species to 
tannins has been recognized, which might result from 
different adhesion mechanisms to the substrates (Bento 
et al., 2005). It is plausible that R. flavefaciens were 
more susceptible to GSM tannin phenols than R. albus.

Methane formation accompanies the formation of 
acetate and butyrate. Our results demonstrate that 
only butyrate production was suppressed as GSM forti-
fication levels increased. Considering carbohydrate me-
tabolism of ruminal fungi and R. flavefaciens (Latham 
and Wolin, 1977; Bauchop and Mountfort, 1981), there 
should not be a concomitant effect on butyrate for-
mation from these microorganisms. Hence, it can be 
assumed that the GSM inclusion possessed an inhibi-
tory effect particularly on butyrate producing bacteria. 
One of the important fiber degraders and butyrate 
producers in the rumen, B. fibrisolvens, did show a 
trend toward lower abundance, although the relative 
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proportion was unaffected by GSM fortification. Clos-
tridium cluster XIVa, which consists of many butyrate 
producers (Li et al., 2012c), tended to decrease with 
increasing GSM levels as well. As revealed by PCA, B. 
fibrisolvens was more correlated to butyrate and meth-
ane variables compared with Clostridium cluster XIVa, 
underlying the significance of this butyrate producer. 
Protozoa produce butyrate, too (Dehority, 2003), thus 
the suppression of protozoa may be partially respon-
sible for the decreased butyrate formation due to GSM 
fortification. The present results also elicit a significant 
effect of butyrate producing pathway, over acetate, on 
methane formation.

Lastly, an associative effect of GSM on suppression of 
DM and OM degradability was observed in the current 
study, reflecting the binding property of GSM phenols. 
As revealed by PCA, the reduced degradability of DM 
and OM to some extent contributed to the decreased 
methane formation. As CP degradation was higher and 
NDF degradation was not affected by GSM fortification, 
the decrease in degradation of DM and OM was more 
likely to be related to carbohydrate fractions belong-
ing to NFC (starch, sugars, and pectin). Opposite to 
our expectation, the results suggest that phenols of the 
GSM in our study had a greater affinity to NFC than 
to protein. It is known that phenolic compounds can 
bind to various carbohydrates, including pectin (Hanlin 
et al., 2010; Patra and Saxena, 2011). As NFC, such as 
sugar and pectin, have been shown to be a potential 
source of enteric methane formation (Hindrichsen et 
al., 2004, 2005), such complexes formed between GSM 
phenols and NFC would decrease ruminal degradation 
of these carbohydrates and, thus, lower methane for-
mation. Hence, beyond the methane mitigating effect, 
GSM fortified in DDGS may be viewed as a beneficial 
ingredient for rumen health by lowering degradation of 
rapidly degradable carbohydrates, which helps to slow 
down a rapid production of SCFA.

The present study demonstrated the effects of DDGS 
and GSM on changes in microbiota investigated. Such 
changes were related to the modification of ruminal 
fermentation characteristics as explained and discussed 
previously. However, it is important to note that cau-
tion should be given when interpreting data from in 
vitro studies. In our study, the microbiota results were 
not accounted for the ruminal microorganisms attached 
to solid particles, which are also important for feed 
degradation. Likewise, contributions of rumen wall-as-
sociated bacteria are unlikely in vitro. These epithelial 
adherent bacteria, though less influenced by diet, are 
believed to have additional functions other than feed 
degradation, such as ruminal ammonia absorption (Li 
et al., 2012a). Therefore, a need exists for in vivo stud-
ies to validate our in vitro findings.

CONCLUSIONS

In conclusion, the inclusion of 19.5% of DDGS, as 
both protein and energy sources in a diet, only in-
creased ruminal ammonia concentration due to its high 
CP degradation without other detrimental effects on 
ruminal fermentation. Fortification of GSM did have 
an associative effect on methane mitigation, which was 
connected with decreased numbers of R. flavefaciens, 
total fungi, and total protozoa, but to a lesser extent 
with archaea methanogens. The inhibition of these mi-
crobes could limit hydrogen supply for methanogenesis. 
Furthermore, a decrease was noted in ruminal DM and 
OM degradation by GSM fortification; however, this 
effect was not related to NDF, but NFC degradation. 
The results indicate that DDGS fortified with GSM 
can favorably modulate ruminal fermentation by lower-
ing methane formation without adverse effect on fiber 
degradation. Also, it may be beneficial to rumen health 
and animal production by forming complexes with 
some rapidly degradable carbohydrates and thus might 
help to stabilize rumen pH in grain-rich diets.
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