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Running head: Distillers solubles alters rumen microbiome
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Abstract

Five ruminally-fistulated steers were used in a 5 x 5 Latin square design to determine the
effects of increasing dietary fat and sulfur from condensed distillers solubles (CDS) on the
ruminal microbiome. Treatments included a corn-based control (CON) and 4 levels of CDS (0,
10, 19, and 27%) in a coproduct-based (corn gluten feed and soybean hulls) diet. Fat
concentrations were 1.79, 4.43, 6.80, and 8.91%, respectively, for diets containing 0, 10, 19, and
27% CDS. Steers were fed for ad libitum intake once daily. After feeding each diet for 18 d,
ruminal samples were collected 3 h post-feeding on d 19. Samples were separated into solid and
liquid fractions. Microbial DNA was extracted for bacterial analysis using paired-end sequencing
of the V3-V4 region of the 16S rRNA gene on the MiSeq Illumina platform and quantitative
PCR (qPCR) of selected species. Orthogonal contrasts were used to determine linear and
quadratic effects of CDS inclusion. Increasing CDS inclusion decreased (linear; P < 0.05) alpha-
diversity and species richness in the liquid fraction. Analysis of Bray-Curtis similarity indicated
a treatment effect (P = 0.01) in the liquid fraction. At the phyla level, relative abundance of
Bacteroidetes decreased in steers fed increasing dietary inclusion of CDS as Firmicutes increased
to 82% of sequences for the 27% CDS treatment. Family Ruminococcaceae increased (linear; P
< 0.01) 2-fold in the liquid fraction when feeding CDS increased from 0 to 27% CDS, yet genera
Ruminococcus tended (P = 0.09) to decrease in steers fed greater CDS. The most abundant
family of sulfate-reducing bacteria, Desulfovibrionaceae, increased (P < 0.03) in the solid and
liquid fraction in steers fed additional dietary CDS and sulfur. Relative abundance of family
Veillonellaceae and Selenomonas ruminantium was increased (linear; P < 0.02) in the solid
fraction as steers were fed increasing CDS. There were no effects (P > 0.10) of feeding

increasing dietary fat from CDS on fibroylytic genus Fibrobacter in either fraction. Results
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40  demonstrate increasing fat and sulfur from CDS in a coproduct-based diet markedly alters the
41  liquid fraction ruminal microbiome, but does not elicit negative effects on relative abundance of

42  identified fiber-fermenting bacteria.

43  Keywords: distillers solubles, rumen, microbiome, bacteria

44
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Introduction

Dietary fat is a concentrated energy source and may be fed to growing or lactating cattle.
Several studies suggest feeding coproduct-based diets to cattle during the growing phase results
in similar marbling scores compared with those fed starch-based diets (Retallick et al., 2010;
Meteer et al., 2011; Segers et al., 2012). Data suggest increased fat concentrations may be
responsible for maintaining intramuscular fat deposition when cattle are fed coproducts, such as
distillers grains with solubles. Lipids can affect ruminal fermentation by decreasing the
acetate:propionate ratio (Chalupa et al., 1984; Boggs et al., 1987), but are also capable of
reducing VFA production, ruminal digestion of structural carbohydrates (Ikwuegbu and Sutton,
1982; Jenkins and Palmquist, 1984), and methane production (Grainger and Beauchemin, 2011).
Significant variation exists in the fatty acid profile of various feedstuffs and corresponds to
known toxic effects of particular unsaturated fatty acids on specific rumen bacteria (Maczulak et
al., 1981). Thus, the source of the dietary fat can greatly affect the aforementioned effects on
ruminal digestion.

Condensed distillers solubles (CDS) is the most common nonfat liquid feed used to
provide supplemental fat in feedlot cattle diets (Samuelson et al., 2016), and CDS typically
ranges from 9 to 25% fat on a DM basis (Lardy, 2009). Including CDS up to 30% of the diet
without other coproducts, improved cattle performance, but data indicated less CDS should be
used in coproduct-based finishing diets (Pesta et al., 2015). High inclusion rates of distillers
coproducts and specifically CDS may result in suitable growth performance, but the
understanding of the effect of CDS on ruminal fermentation and the corresponding bacteria
composition is limited. Given the relevance of CDS in the beef industry as an individual

feedstuff and component of distillers grains with solubles, the objective was to determine
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changes in the ruminal bacterial community associated with increasing inclusion of CDS in
coproduct-based diets.
Materials and Methods
Experiment Design

The experimental protocol was approved by the Institutional Animal Care and Use
Committee at the University of Illinois at Urbana Champaign. Five ruminally-fistulated Angus X
Simmental steers (BW =335 + 56 kg) were used in a 5 x 5 Latin square design to determine
effects of increasing dietary CDS on digestion and ruminal fermentation (Segers et al., 2015).
Dietary treatments included a corn-based control (CON) and 4 coproduct-based diets (corn-
gluten and soy hulls) with increasing levels of CDS (0, 10, 19, and 27% diet DM; Table S1 in E-
Supplement). Animals were fed once daily for ad libitum intakes and allowed ad libitum access
to water. The 5 experimental periods consisted of 21 d. Ruminal samples were collected 3 h
post-feeding on d 19 via ruminal cannula from 3 locations in the rumen and separated into the
liquid and solid fractions. Samples were immediately put on ice and kept at -20°C prior to
extraction. Feed samples were composited across period and 50 mg of each dried feedstuff (20
mg for CDS) was analyzed for fatty acid composition (Table 1) as previously described (Masood
et al., 2005). An internal standard, C17:0 triacylglycerol, was added at the extraction step and
later used to quantify peak areas.
Bacterial DNA Extraction and gPCR Analysis

The solid fraction samples (25 g) were used for DNA extraction by first homogenizing
the digesta followed by phenol/chloroform extraction as described by Stevenson and Weimer
(2007). Liquid fraction samples (50 mL) were centrifuged at 15,000 X g for 15 min. Collected

sediment was used for extraction using the ZR-96 Fecal DNA Kit (ZYMO Research, Irvine,
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CA). Extracted DNA was standardized to 8 ng/puL. concentration for quantitative PCR and 20 ng/
pL for 16S rRNA sequencing. Extracted DNA was stored at -80°C for later use.

Bacterial quantitative PCR (qPCR) primers utilized are listed in Table 2 and were
validated using gel electrophoresis and Sanger sequencing. Each 10 pL reaction consisted of 4
pL sample DNA, 5 pL 1x SYBR Green with ROX (Quanta BioSciences, Gaithersburg, MD), 0.4
pL each of 10 uM forward and reverse primers, and 0.2 pL DNase/RNase free water in a
MicroAmp™ Optical 384-Well Reaction Plate (Applied Biosystems, Foster City, CA). All
reactions were performed using an ABI Prism 7900 HT (Applied Biosystems, Foster City, CA)
with the following conditions: 5 min at 95°C, 40 cycles of 1 s at 95°C (denaturation) and 30 sec
at 60°C (annealing). The presence of a single PCR product was verified with an additional
dissociation stage. All reactions were run in triplicate. Relative abundance of bacterial species
was calculated using the geometrical mean of 2 universal primers with the efficiency-corrected
AT method (Ramirez-Farias et al., 2009). The portion of the 16S rRNA gene corresponding to
the target of the eubacterial primer 3 (Muyzer et al., 1993) was commercially synthesized (IDT,
Coralville, IA). A standard curve from 9.5 x 10" to 3.0 x10* molecules per uL was used to
obtain the 16S copy number from each sample. Samples were diluted to 1 ng/puL for suitable
gPCR performance of eubacterial primer 3.

Library Construction and 16S rRNA Sequencing

Amplification of the V3-V4 region of the 16S rRNA gene used modified F338/R806
primers as described by Caporaso et al. (2012). The reverse PCR primer was indexed with 12-
base Golay barcodes to facilitate multiplexing of samples. The PCR and sequencing protocol
has been previously described in detail (Derakhshani et al., 2016). The 300 bp paired-end

sequencing reaction was performed on a MiSeq platform (Illumina, CA, USA) at the Gut
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Microbiome and Large Animal Biosecurity Laboratories, Department of Animal Science,
University of Manitoba, Canada.
16S rRNA Read Analysis

The PANDAseq assembler was implemented to merge overlapping paired-end Illumina
fastq files (Masella et al., 2012). All the sequences with low quality base calling scores and
uncalled bases (N) in the overlapping region were discarded. A minimum 50 bp overlap was
required for read merging. The subsequent fastq file was processed using the QIIME pipeline
v1.8 (Caporaso et al., 2010b). Assembled reads were demultiplexed and quality filtered; reads
were truncated after 3 consecutive bases with a quality score below le-5 and discarded if shorter
than 75 bases. Chimeric reads were filtered using UCHIME (Edgar et al., 2011), and reads were
clustered into OTU (Operational Taxonomic Units) based on 97% similarity with UCLUST
(Edgar, 2010). Representative sequences from each OTU were assigned a taxonomy using RDP
Classifier (Wang et al., 2007) and aligned to the Greengenes 13_5 reference database (McDonald
et al., 2012) using PyNAST (Caporaso et al., 2010a).

After sample size standardization to the smallest sample library size (23,000 sequences),
OTU richness, and alpha- and beta-diversity metrics were estimated. Alpha rarefaction curves
were generated using the Chaol metric (Chao, 1984). Between sample comparisons of diversity
(beta-diversity) were calculated using the Bray-Curtis metric (Beals, 1984). Bray-Curtis distance
matrices were utilized in principal coordinate analysis (PCoA) to generate two-dimensional plots
in PRIMER v6 software (Clarke and Gorley, 2006). Permutational multivariate analysis of
variance (PERMANOVA) was implemented to test differences in beta-diversity among
treatments.

Statistical Analysis
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Relative abundance of bacteria present at > 0.1% at the phyla, family, and genus level
were evaluated and logit transformed (z = log[p/(1-p)]) if necessary to ensure normal distribution
of the residuals, where p represents the relative abundance of a bacterial taxa. Bacterial relative
abundance was analyzed using the MIXED procedure of SAS 9.3 (SAS Inst. Inc., Cary, NC).
Terms in the model included treatment and period as fixed effects, and steer as a random effect.
Treatment means were calculated using the LSMEANS option. Linear and quadratic orthogonal
polynomial contrasts evaluated level of CDS inclusion. The IML procedure was used to
determine the coefficients for the nonlinear inclusion of CDS in the diets. Significance was
declared at P < 0.05 while tendencies are discussed at 0.05 < P <0.10.

Results

A total of 1,617,146 quality-filtered reads were generated with an average of
approximately 33,000 reads per sample. Sequencing depth ranged from 23,229 to 122,894. An
average of 1,483 OTUs based on 97% similarity were obtained for each sample. Within the
Greengenes database, 89.9 and 53.5% of sequences were identified at the family and genera
taxonomic level, respectively. At the community level, the largest effects were observed in the
liquid fraction. The Chaol index indicated a linear decrease (P = 0.01) in species richness when
cattle were fed increasing concentrations of CDS in the diet (Table 3). Similarly, alpha-diversity
decreased (linear; P < 0.02) with increased CDS inclusion as observed in the Shannon and
Simpson’s indices. Species richness and alpha-diversity for cattle fed CON was lower than 0
and 10% CDS (P < 0.05) in the liquid fraction and most similar to 27% CDS. In the solid
fraction, no effect of CDS inclusion was observed on species richness. Analysis of beta-
diversity, a comparative measure of diversity between samples, in the liquid fraction revealed a

separation by treatment primarily by the second principal coordinate (Figure 1; P =0.01). The
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first two principal coordinates collectively accounted for 64% of the observed variation between
samples. A Spearman correlation greater than 0.8 indicated Prevotella was associated with the
separation of 0% CDS samples (data not shown). However, there was no treatment effect (P =
0.2; data not shown) using the Bray-Curtis similarity of beta-diversity observed in the solid
fraction by PERMANOVA analysis.
Liquid Fraction Microbiome Effects

Firmicutes was the most abundant phylum in the liquid fraction representing more than
70% of all sequences (Table 4). A linear increase (P < 0.01) in relative abundance of Firmicutes
was observed in steers fed increasing concentrations of CDS. This increase in Firmicutes
corresponded with a decrease (linear; P < 0.01) in Bacteroidetes, Cyanobacteria, and
Spirochaetes. Within the phylum Firmicutes, the linear increase when greater CDS was fed was
primarily driven by family Ruminococcaceae as its increase (linear; P < 0.01; Table 5)
represented 75% of the increase in relative abundance at the phylum level. Phyla level effects of
Bacteroidetes, Cyanobacteria, and Spirochaetes were observed at the family level (P <0.01) in
Paraprevotellaceae, order Bacteroidales, Spirochaetaceae, and order YS2, respectively. Phylum
Fibrobacteres was not affected (P = 0.64) by dietary treatment fed to cattle. A quadratic increase
(P =0.03) in relative abundance of Desulfovibrionaceae was observed with the greatest
abundance detected at 19% CDS. At the genus level (Table 6), Prevotella was most abundant
and tended (linear; P = 0.08) to decrease with greater CDS. Relative abundance of
Ruminococcus and Oscillospira tended (linear; P = 0.09) to decrease with increasing CDS which
was the opposite response observed for all reads assigned to the family Ruminococcaceae.
Although the majority (~87%) of reads assigned to Ruminococcaceae were unassigned at the

genus taxonomic level, the percentage of reads that did assign to Ruminococcus ranged from
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36% for 0% CDS, to 4% for 27% CDS. Bifidobacteria and Treponema also decreased (linear; P
<0.02) with greater CDS inclusion. A quadratic response (P = 0.03) in Coprococcus relative
abundance was observed and peaked at 19% CDS.
Solid Fraction Microbiome Effects

In the solid fraction, Firmicutes and Bacteroidetes comprised 82 to 90% of reads in a
treatment (Table 7). Overall, few dietary effects were observed at the phyla level.
Cyanobacteria was affected by dietary treatment (P = 0.02) with the lowest relative abundance
observed for 27% CDS. The relative abundance of Firmicutes tended (P = 0.10) to increase with
greater CDS inclusion. At the family level (Table 8), Veillonellaceae and Ruminococcaceae,
members of the Firmicutes phyla, increased linearly (P < 0.04) with greater CDS inclusion.
Veillonellaceae linear effects were primarily driven by the genus Succiniclasticum (Table 9)
where more than 75% of the Veillonellaceae sequences classified at the genus level. Within
Bacteroidetes, family Paraprevotellaceae and unidentified sequences in order Bacteroidales
decreased (linear; P < 0.01) with additional CDS. Cattle fed CON had 4-fold increase in phyla
Fibrobacteres, but no overall effect (P = 0.11) of dietary treatment or increasing CDS (P > 0.58)
in the diet was detected. Desulfovibrionaceae was affected by treatment (P = 0.01) with the
lowest relative abundance observed for CON and the greatest for 19% CDS. A quadratic
response (P <0.01) was observed for Moryella with the lowest relative abundances observed for
10 and 19% CDS, while Mitsuokella and Coprococcus increased with greater CDS (linear; P <
0.04). A main effect of treatment (P = 0.03) was observed for Corynbacterium with the greatest
relative abundance observed for 19% CDS which was 2-fold greater than any other treatment.

The relative abundance of bacterial species measured using qPCR in the solid fraction

revealed a linear increase (P = 0.02) of Selenomonas ruminantium with increasing CDS inclusion
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(Table 10). In contrast, a decrease (linear; P = 0.01) in relative abundance of Streptococcus
bovis occurred with greater CDS primarily driven the 4-fold higher values observed for 0% CDS.
Moreover, S. bovis populations in the CON diet were nearly 26-fold greater than the 0% CDS.
Although no effect of CDS inclusion was observed for Megasphaera elsdenii, there was a
tendency (P = 0.09) for a 45-fold reduction for cattle fed CON compared with those fed any of
the coproduct-based diets. Variation observed in relative abundance of Anaerovibrio lipolytica
led to no differences (P > 0.11) despite a nearly 9-fold increase for 0% CDS. A trend (P = 0.06)
for an increase in 16S log copy number was observed with increasing CDS. Additional results
for bacterial families and genera with non-significant responses are listed in the E-supplement in
Table S2, S3, S4, and S5.
Discussion

Many studies have evaluated the effects of supplemental fat on ruminal fermentation and
biohydrogenation (Sackmann et al., 2003; Atkinson et al., 2006; Hess et al., 2008). However,
the variation in basal diet composition, saturation of the supplemented fatty acids, and the
amount of additional fat provided all contribute to differences observed for fermentation and
bacterial effects. The fatty acid content of the CDS used in this experiment was similar to a
previous report by Sasikala-Appukuttan et al. (2008). The data from Sasikala-Appukuttan et al.
(2008) revealed that the addition of CDS from 10 to 20% of the diet increased ruminal ammonia
and the molar proportion of butyrate, but propionate and acetate concentrations were not
affected. Similarly, the corresponding ruminal fermentation results for the present study reported
by Segers et al. (2015) indicated neither acetate, propionate, and ruminal pH nor total tract NDF
digestion were affected by dietary treatment. However, greater NDF digestion has been

observed when cattle fed diets containing wet distillers grains with solubles were compared with
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cattle fed a corn bran and gluten meal diet with corn oil at similar levels of ether extract (Vander
Pol et al., 2009). Although dietary fatty acid composition was not reported, the fatty acid profile
of corn oil (Gillis et al., 2004) is similar to CDS with C18:2 representing more than 50% of fatty
acids. Cattle fed the diet containing wet distillers grains with solubles had a greater proportion
of unsaturated fatty acids (18:1 trans, 18:1, 18:2, and 18:3) flowing to the duodenum compared
with cattle fed the corn oil diet suggesting differential levels of biohydrogenation (Vander Pol et
al., 2009). Variation in biohydrogenation of feedstuffs with similar fatty acid content is
supported by the difference in biohydrogenation observed between corn and corn oil (Duckett et
al., 2002). Collectively, the data suggest reduced biohydrogenation and increased lipid
digestibility likely contribute to positive animal responses to wet distillers grains with solubles
compared with corn oil (Klopfenstein et al., 2008). Considering the varied effects of different fat
sources with a similar fatty acid profile, the effect of CDS on the ruminal microbiome is an
important piece to understand the effects of high levels of coproduct inclusion in beef cattle
diets.

The first evaluation of CDS effects on rumen bacteria in vivo revealed a tendency to
increase counts of total culturable, amylolytic, and lactilytic bacteria (Fron et al., 1996). Despite
the increased inclusion of CDS in ruminant diets with greater ethanol production, this is the first
study since Fron et al. (1996) to evaluate the effect of CDS on ruminal bacteria. Our 16S rRNA
log;p copy number results support their findings suggesting an increase in bacteria in the liquid
fraction with greater CDS. Compared with other fat sources, the sulfur and phosphorus
concentrations and low pH of CDS make it a unique supplemental fat source among those fed to
ruminants. While most of the lipids in CDS are incorporated into triacylglycerol, it does contain

much greater concentrations of free fatty acids compared with corn oil (Moreau et al., 2011).
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252 The effect of CDS inclusion was greater in the liquid fraction due to observed changes in
253  community level measures of alpha-diversity, species richness, and beta-diversity. While

254  unsaturated fatty acids have long been known to inhibit fiber-degrading bacteria (Henderson,
255  1973), recent studies have observed no effect on community alpha-diversity with additional

256  dietary lipids in rumen fluid (Zened et al., 2013; Huws et al., 2015). However, Huws et al.

257  (2010) observed decreased denaturing gradient gel electrophoresis (DGGE) band numbers in
258  liquid-associated bacteria, but not solid-associated bacteria, when cows fed a red clover silage
259  diet were supplemented with fish oil. Supplemental fish oil also reduced DGGE band number in
260 the liquid fraction when cattle were fed a grass silage diet, but alpha-diversity was not affected
261 (Kim et al., 2008).

262 Within the liquid fraction, greater CDS inclusion increased relative abundance of

263  Firmicutes and decreased Bacteroidetes primarily driven by corresponding changes in

264  Ruminococcaceae and Prevotella, respectively. Adding sunflower oil to a silage-based diet fed
265  to cattle caused similar numerical effects as relative abundance of Firmicutes increased while
266  Bacteroidetes decreased (Zened et al., 2013); however, authors suggested large variation within
267 these low starch diets prevented detection of statistical differences. A comparison of the data
268  suggests more than 12 d may be needed for some animals to fully adapt to dietary changes as our
269  samples were collected on d 19 of each period. Furthermore, despite the fact that the diets had
270  similar NDF concentrations, sources of NDF varied significantly from silage and alfalfa hay in
271  diet of Zened et al. (2013) compared with a mixture of silage, soy hulls, and corn gluten feed in
272 this experiment. Our results agree with previous findings for Treponema, as it was decreased by

273  the addition of fat as sunflower oil (Zened et al., 2013) and CDS in our experiment. Although
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cultured strains are not cellulolytic, Treponema bryantii increased fiber degradation in co-culture
with Fibrobacter succinogenes (Stanton and Canale-Parola, 1980).

At the family taxonomic level, Ruminococcaceae increased with CDS inclusion, but the
opposite tendency occurred within the genus Ruminococcus as it decreased with greater CDS.
Ruminococcus assigned reads likely correspond to a greater proportion of cultured Ruminococci
with cellulolytic capabilities and known sensitivities to unsaturated fatty acids (Maczulak et al.,
1981; Maia et al., 2007). The fact that a large proportion of Ruminococcaceae reads unidentified
at the genus level have been commonly observed in 16S rRNA sequencing studies (Zened et al.,
2013; McCann et al., 2014) indicates many Ruminococcaceae members remain uncultured.

The phylum Cyanobacteria increased significantly in the 0% CDS diet with nearly all
reads assigned to the order YS2 which consisted of 330 OTUs. Although prior work on the
ruminal microbiome has identified 16S rRNA reads as Cyanobacteria (Mao et al., 2013; Zhao et
al., 2015), typically the reported relative abundances are under 1% compared with the 7% we
observed in the liquid of fraction ruminal fluid from cattle fed the 0% CDS diet. Classically
considered to be photosynthetic organisms, a new lineage within Cyanobacteria,
Melainabacteria, has recently been observed in human fecal samples and is nonphotosynthetic
(Di Rienzi et al., 2013; Soo et al., 2014). Previous studies have been able to assemble draft
genomes from metagenomic DNA extracted from koala feces with a high prevalence of
Melainabacteria (Soo et al., 2014). FeFe hydrogenases observed in the gut associated genomes
suggest Melainabacteria may produce hydrogen and interact with hydrogenotrophic
methanogens or acetogens (Di Rienzi et al., 2013). In addition, the Melainabacteria genomes
encoded for the complete biosynthesis pathways of 4 B vitamins and may indicate a mutualistic

relationship with the host (Di Rienzi et al., 2013).
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297 Overall effects of CDS inclusion in the solid fraction were more modest. Little change
298  was observed in community-level measures of diversity and phylum-level relative abundance.
299  Similar to the liquid fraction, Ruminococcaceae and Veillonellaceae increased slightly in the
300 solid fraction with greater CDS. Corresponding increases in Succiniclasticum and Mitsuokella
301  with increasing CDS fed in the diet agree with the description of cultured species in vitro. Out of
302 22 rumen bacteria cultures, Mitsuokella multiacidus was able to form oleic acid from linoleic
303 acid and ranked second in terms of membrane stability in presence of linoleic acid (Maia et al.,
304 2007). Another Veillonellaceae family member, Selenomonas ruminantium was detected using
305 gPCR and also increased linearly with CDS inclusion in the diet. While unaffected by

306  polyunsaturated fatty acids in vitro (Maia et al., 2007), the addition of oleic acid increases

307  growth of S. ruminantium in vitro (Maczulak et al., 1981).

308 Within the solid fraction, there was no effect of additional CDS on relative abundance of
309  Fibrobacter succinogenes, as indicated by qPCR and supported by 16S rRNA sequencing results
310 at the phyla level. This result agrees with the absence of any effect of greater CDS on total tract
311  NDF digestion in the corresponding study (Segers, et al., 2015). While Huws et al. (2010)

312 observed no effect on F. succinogenes in the rumen by the addition of fish oil to the diet, genus
313  Fibrobacter decreased in cattle fed a diet supplemented with flax oil (Huws et al., 2015). In

314  vitro, F. succinogenes is very sensitive to unsaturated fatty acids as C18:2 slowed growth and
315  C18:3 inhibited growth completely (Maia et al., 2007). Despite the increase in C18:2 and C18:3
316  with greater CDS inclusion in the diet, no effect of diet on Fibrobacter was observed in the

317  present study. In a 60% brome hay-based diet, total Fibrobacteres increased in cattle fed greater
318 dietary distillers grains with solubles, but a specific OTU classified as F. succinogenes remained

319 unaffected by diet (Castillo-Lopez et al., 2014). Overall, these findings suggest Fibrobacteres
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may occupy a niche within the rumen that offers some protection from unsaturated fatty acids in
CDS.

The most well-known rumen bacteria with lipolytic capabilities is Anaerovibrio
lipolytica. Interestingly, A. lipolytica increased sharply on the 0% CDS diet which contained the
least amount of fat. Early research on A. lipolytica indicated sensitivity to low pH for growth
and lipase activity (Hobson, 1965; Henderson, 1971) and is supported by recent work in dual-
flow fermenters (Fuentes et al., 2009). While Segers et al. (2015) reported no dietary effect on
ruminal pH, results from 0% CDS revealed that it was the most stable throughout the day in
addition to being the only diet without a distillers coproduct.

As the inclusion of CDS increased, dietary S increased and the relative abundance of
sulfate-reducing family Desulfovibrionaceae increased in both the solid and liquid fractions.
Recommendations for minimum S for growing beef cattle are 0.15% to meet the requirements of
cellulolytic bacteria (NRC, 2016), while 0.3% has been suggested as a maximum to avoid
reducing the risk of limiting DMI and occurrence of S-induced polioencephalomalacia (S-PEM;
NRC, 2005). Loerch et al. (2012) observed a 15 d adaptation period for ruminal H,S to increase
after starting lambs on a diet with added sodium sulfate, thus suggesting our sampling on d 19
was sufficient time for Desulfovibrionaceae to respond. Although high dietary S has been shown
to limit intake (Sarturi et al., 2013) which could affect the ruminal microbiome, a reduction in
DMI was not observed (Segers et al., 2015) within the experimental period of 21 d. Overall, our
data support preliminary results described by Drewnoski et al. (2014) that Desulfovibrionaceae is
the most abundant sulfate-reducing bacterial family in the rumen and it responds to greater
dietary S by increasing in relative abundance.

Conclusion
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343 Addition of CDS to a coproduct-based diet up to 27% caused the greatest change within
344  the liquid fraction of the ruminal microbiome. Specifically, greater CDS inclusion reduced

345  species richness, alpha-diversity, and relative abundance of Bacteroidetes while increasing

346 Ruminococcaceae. Overall alterations in the solid fraction microbiome were modest, but notable
347  increases in Succiniclasticum, Mitsuokella, and S. ruminantium were observed with greater CDS.
348  Desulfovibrionaceae increased with greater dietary S from CDS in both fractions with greatest
349  relative abundance observed at 19% CDS. An unusually large proportion of Cyanobacteria were
350 observed on the 0% CDS diet and suggest non-photosynthetic Cyanobacteria may have a niche
351  in the rumen. Overall, results indicate important alterations to the liquid fraction ruminal

352  microbiome when increasing dietary inclusions of CDS are fed in a coproduct-based diet without
353  significant alterations to fiber-fermenting bacteria.

354
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Table 1. Dietary fatty acid composition

CDS Inclusion' CDS’

Item CON 0% 10% 19% 27% 100%

Ether extract, % DM 553 179 443 6.80 891 27.94

Fatty acids, g/100 g of total fatty acids

C16:0 1573 21.79 1648 15.29 14.70 13.39
C18:0 235 447 271 235 213 1.69
C18:1 n-9 2459 20.67 2348 2426 24.58 25.27
C18:2 n-6 48.46 44.13 52.14 54.12 54.99 57.38
C18:3n-3 1.78 549 284 222 194 1.18
C20:0 042 0.69 046 040 0.38 0.32
C20:1 n-9 0.62 057 039 035 033 0.27
C22:0 040 0.71 040 032 0.29 0.20

559  'CDS= condensed distillers solubles.
560 “Dietary fatty acid composition of the ingredient.
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Table 2. Primers utilized for quantitative PCR of ruminal bacteria.

Bacteria species

Primers (5" - 3%)

Source

Anaerovibrio lipolytica
Butyrivibrio proteoclasticus
Eubacterium ruminantium
Fibrobacter succinogenes
Megaspheara elsdenii
Prevotella bryantii
Selenomonas ruminantium
Streptococcus bovis
Eubacterial primer 1
Eubacterial primer 2

Eubacterial primer 3

F GAAATGGATTCTAGTGGCAAACG
R ACATCGGTCATGCGACCAA

F GGGCTTGCTTTGGAAACTGTT

R CCCACCGATGTTCCTCCTAA

F CTCCCGAGACTGAGGAAGCTTG
R GTCCATCTCACACCACCGGA

F GCGGGTAGCAAACAGGATTAGA
R CCCCCGGACACCCAGTAT

F AGATGGGGACAACAGCTGGA

R CGAAAGCTCCGAAGAGCCT

F AGCGCAGGCCGTTTGG

R GCTTCCTGTGCACTCAAGTCTGAC
F CAATAAGCATTCCGCCTGGG

R TTCACTCAATGTCAAGCCCTGG

F TTCCTAGAGATAGGAAGTTTCTTCGG
R ATGATGGCAACTAACAATAGGGGT
F GGATTAGATACCCTGGTAGT

R CACGACACGAGCTGACG

F GTGSTGCAYGGYTGTCGTCA

R ACGTCRTCCMCACCTTCCTC

F CCTACGGGAGGCAGCAG

R ATTACCGCGGCTGCTGG

(Minuti et al., 2015)

(Minuti et al., 2015)
(Stevenson and Weimer, 2007)
(Stevenson and Weimer, 2007)
(Stevenson and Weimer, 2007)
(Stevenson and Weimer, 2007)
(Stevenson and Weimer, 2007)
(Stevenson and Weimer, 2007)
(Fliegerova et al., 2014)
(Maeda et al., 2003)

(Muyzer et al., 1993)
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Table 3. Effect of increasing condensed distillers solubles (CDS) on alpha
diversity in the liquid and solid fraction of the ruminal microbiome'

CDS Inclusion P-values”
Item’ CON 0% 10% 19% 27% Tt L Q
Liquid fraction
Chaol 1407 2188 2013 1729 1463 0.03 0.01 0.67
Shannon 519 658 590 557 526 <0.01 <0.01 047
Simpson’s 0.880 0.950 0.898 0.907 0.893 0.04 0.02 0.18
Solid fraction
Chaol 2428 2476 2692 2454 2494  0.89 0.86 0.63
Shannon 724 719 746 729 748 0.64 0.37 0.79
Simpson’s 098 096 097 097 0.98 0.37 0.07 0.80
563 "Number of observations: CON (n = 5), 0% (n = 4), 10% (n=5), 19% (n = 5), 27% (n = 5).
564 *Trt = main effect of dietary treatment; L = linear contrast of CDS inclusion; Q = quadratic
565 contrast of CDS inclusion.
566 *Chaol index describes species richness in a community. Shannon and Simpson’s indices
567 describe alpha diversity of a community that represent a combination of species richness and
568 species evenness.

569
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Table 4. Effect of increasing condensed distillers solubles (CDS) on relative
abundance (% total reads) of bacterial phyla in the liquid fraction using 16S

rRNA sequencing'
CDS Inclusion P-values”
Item CON 0% 10% 19% 27%  Trt L Q
Firmicutes 784 538 73.6 784 824 <0.01 <0.01 0.09
Bacteroidetes’ 126 253 13.6 8.3 9.2 0.08 0.01 0.22
Actinobacteria 241 327 541 516 411 0.17 056 0.11
™7 192 181 162 1.70 1.02 0.66 0.31 0.60
Cyanobacteria’ 0.61 7.17 126 042 0.53 <0.01 <0.01 0.04
Proteobacteria 131 139 132 1.0 0.79 053 0.14 0.68
Spirochaetes’ 0.17 123 037 0.09 024 0.01 <0.01 0.03
Fibrobacteres 0.04 0.08 003 0.04 0.06 065 068 0.16
570 'Phyla listed were detected at greater than 0.1% relative abundance averaged across all liquid

571 fraction samples.

572 >Trt = main effect of dietary treatment; L = linear contrast of CDS inclusion; Q = quadratic
573 contrast of CDS inclusion.

574 *Data were logit transformed to ensure normality of residuals.

575
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Table 5. Effect of increasing condensed distillers solubles (CDS) on relative
abundance (% total reads) of bacterial families in the liquid fraction using 16S

rRNA sequencing'
CDS Inclusion P-value”

Item CON 0% 10% 19% 27% Trt L Q
Firmicutes

Ruminococcaceae 44.5 16.3 325 316 37.8 <0.01 <0.01 0.20
Mogibacteriaceae 1.35 0.79 1.04 1.03 1.1 0.35 0.09 0.63
Erysipelotrichaceae® 0.60 0.99 0.70 0.51 0.37 0.50 0.09 0.97
Clostridiaceae’ 0.27 051 031 026 025 0.34 0.06 0.39
Bacteroidetes

Prevotellaceae’ 982 1591 944 696 8.14 0.37 0.08 0.28
Bacteroidales™* 1.14 459 1.61 040 039 <0.01<0.01 0.34
Paraprevotellaceae® 0.66 142 0.82 0.15 0.38 0.01 <0.01 0.13
Proteobacteria

Succinovibrionaceae 091 0.27 0.23 032 0.14 <0.01 0.57 0.53
RF-32°4 0.100 0.16 0.11 0.05 0.04 0.11 0.01 0091
Desulfovibrionaceae 0.014 0.0001 0.063 0.077 0.034 0.12 0.21 0.03
Other

YS2H 053 7.19 124 040 051 <0.01 0.01 0.04
Bifidobacteriaceae  0.08 1.98 1.71 0.83 0.50 0.04 0.02 0.80
Spirochaetaceae 022 193 042 0.11 040 <0.01 <0.01 0.01
Corynebacteriaceae 0.11 0.18 0.12 0.26 0.32 0.09 0.07 0.25

576
577
578
579
580
581
582

"Families listed were detected at greater than 0.1% relative abundance averaged across all liquid
fraction samples and were affected by dietary treatment (P < 0.1).

*Trt = main effect of dietary treatment; L = linear contrast of CDS inclusion; Q = quadratic

contrast of CDS inclusion.

*Data were logit transformed to ensure normality of residuals.
*Unidentifed sequences listed at the lowest level of taxonomic assignment (order).
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Table 6. Effect of increasing condensed distillers solubles (CDS) on relative
abundance (% total reads) of bacterial genera in the liquid fraction using 16S

rRNA sequencing'
CDS Inclusion P-value”

Item CON 0% 10% 19% 27% Trt L Q
Prevotella® 9.82 159 944 696 8.14 037 0.08 0.28
Ruminococcus 823 597 382 179 1.55 0.09 0.09 0.69
Bifidobacterium 0.08 194 167 0.82 050 004 002 0.81
Treponema’ 0.17 127 036 0.09 024 0.01 <0.01 0.02
CF231° 023 094 047 0.04 022 003 002 0.12
Oscillospira 0.17 060 033 026 0.10 045 0.09 0.80
RFN-20 0.09 088 0.14 0.06 0.02 0.01 <0.01 0.62
Coprococcus® 0.10 0.16 026 044 0.10 0.07 0.73 0.03
Corynebacterium  0.11 0.18 0.12 0.26 032 0.09 0.07 0.25
Clostridium 0.03 036 0.11 0.08 0.08 0.03 002 0.21
Shuttleworthia® 0.18 0.04 005 0.27 0.03 0.03 0.62 0.05

'Genera listed were detected at greater than 0.1% relative abundance averaged across all liquid

fraction samples and were affected by dietary treatment (P < 0.1).
>Trt = main effect of dietary treatment; L = linear contrast of CDS inclusion; Q = quadratic
contrast of CDS inclusion.
*Data were logit transformed to ensure normality of residuals.
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Table 7. Effect of increasing condensed distillers solubles (CDS) on relative
abundance (% total reads) of bacterial phyla in the solid fraction using 16S

rRNA sequencing'
CDS Inclusion P-value”
Item CON 0% 10% 19% 27% Trt L Q
Firmicutes 52.6 550 651 672 692 0.18 0.10 0.52
Bacteroidetes® 377 324 167 17.0 20.5 0.28 0.35 0.24
Actinobacteria 529 555 672 6.69 496 0.86 0.84 0.36
™7’ 048 132 058 0.75 041 042 0.12 0.81
Cyanobacteria3 0.08 0.11 0.07 0.11 0.02 0.02 0.01 0.09
Proteobacteria’ 024 025 021 058 020 025 0.81 0.33
Spirochaletes3 0.10 0.19 0.06 0.08 0.04 0.36 0.10 0.57
Fibrobacteres® 0.23 0.04 006 0.04 004 0.11 097 0.58
589 "Phyla listed were detected at greater than 0.1% relative abundance averaged across all solid
590 fraction samples.
591 >Trt = main effect of dietary treatment; L = linear contrast of CDS inclusion; Q = quadratic
592 contrast of CDS inclusion.
593 *Data were logit transformed to ensure normality of residuals.
594

595
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Table 8. Effect of increasing condensed distillers solubles (CDS) on relative
abundance (% total reads) of bacterial families in the solid fraction using 16S
rRNA sequencing'

CDS Inclusion P-value”
Item CON 0% 10% 19% 27% Trt L Q
Firmicutes
Veillonellaceae 105 7.0 104 114 149 0.10 0.01 0.88
Ruminococcaceae 11.3 8.1 98 11.8 123 0.27 0.04 0.79
Bacteroidetes
Paraprevotellaceae 1.6 290 0.71 094 039 005 0.01 0.17
Bacteroidales® 096 230 040 1.10 047 0.01 <0.01 0.05
S24-7° 0.89 021 056 048 0.57 0.09 0.07 0.24
Other

Corynebacteriaceae  0.07 0.14 0.14 032 006 0.03 0.93 0.05
Succinivibrionaceae® 0.08 0.02 0.03 0.07 0.02 0.08 0.89 0.11
Desulfovibrionaceae® 0.008 0.013 0.052 0.214 0.093 0.01 0.01 0.09

596 'Families listed were detected at greater than 0.1% relative abundance averaged across all solid
597 fraction samples and were affected by dietary treatment (P < 0.1).

598 >Trt = main effect of dietary treatment; L = linear contrast of CDS inclusion; Q = quadratic
599  contrast of CDS inclusion.

600  “Data were logit transformed to ensure normality of residuals.

601 *Unidentifed sequences listed at the lowest level of taxonomic assignment (order).

602

603
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Table 9. Effect of increasing condensed distillers solubles (CDS) on relative
abundance (% total reads) of bacterial genera in the solid fraction using 16S

rRNA sequencing’'
CDS Inclusion P-value”

Item CON 0% 10% 19% 27% Trt L Q
Succiniclasticum 9.4 5.2 8.4 93 115 0.16 0.02 0.86
Moryella 1.7 1.9 0.9 0.9 1.5 0.03 0.18 <0.01
Coprococcus® 0.23 040 0.71 097 0.81 <0.01 0.04 0.16
Shuttleworthia® 1.01 032 026 0.77 048 0.09 020 0.89
Mitsuokella 0.04 0.05 072 047 098 0.02 0.01 0.72
Corynebacterium 0.07 0.14 0.14 032 006 003 093 0.05

'Genera listed were detected at greater than 0.1% relative abundance averaged across all solid

fraction samples and were affected by dietary treatment (P < 0.1).

>Trt = main effect of dietary treatment; L = linear contrast of CDS inclusion; Q = quadratic

contrast of CDS inclusion.

*Data were logit transformed to ensure normality of residuals.
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Table 10. Effect of increasing condensed distillers solubles (CDS) on relative abundance of
bacterial genera in the solid fraction using qPCR.

CDS Inclusion P-values'*
Item CON 0% 10% 19% 27% Tt L Q
A. lipolytica® 0.0001  0.0044 0.0002 0.0002  0.0005 027 021 0.11
B. proteoclasticus®  0.0158  0.0747  0.0381  0.0226  0.0537 0.36 0.54 0.23
E. ruminantium 02871  0.2089  0.2322 0.2455 0.1814 0.96 0.90 0.69
F. succinogenes® 0.0065 0.0058 0.0079  0.0026  0.0027 047 021 0.70
M. elsdenii’® 28x10° 1.7x 107 1.3x 107 3.7x 10° 1.3x10° 0.09 0.96 0.79
P. bryantii® 23%x10° 25%10° 52%x10° 1.1 x10° 24x10° 0.69 0.64 0.95
S. ruminantium 0.54 0.83 1.56 1.20 2.18 0.02 0.02 0.69
S. bovis® 0.0907  0.0035 0.0006 0.0008 0.0005 <0.01 0.01 0.12
16S rRNA copy no.* 7.41 7.30 7.35 7.36 7.40 021 0.06 0.94

611 'No period effects were observed (P < 0.05).

612 *Trt = main effect of dietary treatment; L = linear contrast of CDS inclusion; Q = quadratic contrast of CDS
613 inclusion.

614  “Data were logit transformed to ensure normality of residuals.

615 *16S rRNA log;, copy number/ng DNA.

616
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617  Figure 1. Principal coordinate analysis (PCoA) of beta-diversity in the liquid fraction using
618  Bray-Curtis similarity. Analysis by PERMANOVA revealed a treatment effect (P = 0.01).

619



3. Anim. Sci Ack6pldd Pepdr @dstEel06/39/8017 60818 £/jas2016.1361 Page 38 of 38

620
60 CON
e 0%
+10%
* 19%
L} ’ v27%

PCO2- 30.2% of total variation

®
20+ .
®
A
*
-y
0+
- v
- *
® A v v o
4 v
-20 == I 1 ! !
r T T T 1
-40 -20 0 2 40

0
PCO1- 34.4% of total variation

621




