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Abstract

We examined the effects of two direct-fed microbials (DFM) containing multiple microbial species and their fermentation
products on energy status, nutrient digestibility, and ruminal fermentation, bacterial community, and metabolome of beef
steers. Nine ruminally cannulated Holstein steers (mean + SD body weight: 243 + 12.4 kg) were assigned to three treatments
arranged in a triplicated 3 x 3 Latin square design with three 21-d periods. Dietary treatments were 1) control (CON; basal
diet), 2) Commence (PROB; basal diet plus 19 g/d of Commence), and 3) RX3 (SYNB; basal diet plus 28 g/d of RX3). Commence
and RX3 are both multispecies DFM products. From day 16 to 20 of each period, feed and fecal samples were collected daily
to determine the apparent total tract digestibilities of nutrients using indigestible neutral detergent fiber method. On day 21
of each period, blood samples were collected for analysis of plasma glucose and nonesterified fatty acid. Ruminal contents
were collected at approximately 1, 3, 6, 9, 12, and 18 h after feeding on day 21 for analysis of volatile fatty acids (VFA),
lactate, ammonia-N concentrations, bacterial community, and metabolome profile. Total tract digestibilities of nutrients

did not differ (P > 0.05) among treatments. Compared with CON, steers fed either supplemental PROB or SYNB had greater
(P = 0.04) plasma glucose concentrations. Compared with CON, total ruminal VFA, propionate, isovalerate, and valerate
concentrations increased (P < 0.05) or tended to increase (P < 0.10) with either supplemental PROB or SYNB, but were

not different (P > 0.05) between PROB and SYNB. Compared with CON, PROB reduced (P < 0.05) the relative abundance of
Prevotella 1 and Prevotellaceae UCG-001 but increased (P < 0.05) the relative abundance of Rikenellaceae RC9, Succinivibrionaceae
UCG-001, Succiniclasticum, and Ruminococcaceae UCG-002. Supplemental SYNB decreased (P < 0.05) the relative abundance

of Prevotella 1 and Prevotellaceae UCG-001 but increased (P < 0.05) the relative abundance of Prevotella 7, Succinivibrio,
Succiniclasticum, and Ruminococcaceae UCG-014. Compared with CON, metabolome analysis revealed that some amino acids
were increased (P < 0.05) in steers fed PROB. This study demonstrated that, compared with CON, supplementation of either
PROB or SYNB altered the ruminal bacterial community and metabolome differently; however, their effects on the ruminal
VFA profile and energy status of the steers were not different from each other.
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Abbreviations

ADF acid detergent fiber

ASV amplicon sequence variants

BW body weight

CIL chemical isotope labeling

CON basal diet with no additive

CP crude protein

DFM direct fed microbial

DM dry matter

DNA deoxyribonucleic acid

FC fold change

iNDF indigestible neutral detergent fiber

LC-MS liquid chromatography-mass
spectrometry

LC-UV liquid chromatography-ultraviolet

LI Linked identity

MCID my compound identification library

NDF neutral detergent fiber

NEFA nonesterified fatty acids

PCR polymerase chain reaction

PLS-DA partial least squares discriminant
analysis

PROB a blend of Saccharomyces cerevisiae,
Enterococcus lactis, Bacillus subtilis,
Enterococcus faecium, and Lactobacillus
casei, and their fermentation
products fed at 19 g/steer/d

rRNA ribosomal ribonucleic acid

RT retention time

SD standard deviation

SYNB a blend of live Saccharomyces cerevisiae
and the fermentation products of
S. cerevisiae, Enterococcus lactis, Bacillus
licheniformis, and Bacillus subtilis fed at
28 g/steer/d

TMR total mixed ration

VFA volatile fatty acid

Introduction

The rumen plays a central role in the overall metabolism,
production, and health of ruminants (Morgavi et al., 2013). The
rumen harbors microbial extracellular enzymes that hydrolyze
dietary plant fiber that cannot be digested by the animal’s
endogenous digestive enzymes to provide metabolic energy
to the animals (Godoy-Vitorino et al., 2012). Thus, in the last
decade, efforts to improve ruminant productivity have primarily
focused on manipulating the ruminal microbial community
and fermentation (DilLorenzo, 2011). One of such efforts
includes the use of direct-fed microbials (DFM). Saccharomyces
cerevisiae, the most extensively used DFM, is fed to modulate the
composition and activities of the rumen microbial ecosystem,
including favoring the activities of lactate-utilizing bacteria
and fiber-degrading bacteria (Martin and Nisbet, 1992; Callaway
and Martin, 1997). Some lactic acid utilizing bacteria, such as
Megasphaera elsdenii and Propionibacterium freudenreichii, have
also been evaluated as DFM with an attempt to enhance ruminal
lactic acid metabolism toward production of propionate, a major
precursor for glucose synthesis in ruminants (Yang et al., 2004;
McAllister et al., 2011). Other studies have evaluated the use
of lactic acid bacteria, such as Enterococcus lactis, Enterococcus
faecium, and Lactobacillus casei, with the notion that increased

production of lactate will lead to its increased fermentation (by
lactate-utilizing bacteria) to propionate (Nocek et al., 2003). In
recent years, most commercial DFM products are formulated to
contain several species of the aforementioned microorganisms
and their fermentation products in order to ensure efficacies
and multifactorial response (McAllister et al., 2011).

Previous studies have applied culture-independent
molecular techniques to reveal several mechanisms of action of
DFM, including rumen bacterial community shift and selected
growth of target bacteria (Fomenky et al., 2018; Ogunade
et al.,, 2019a). It is well known that the effects of DFM products
are inconsistent and heterogeneous due to various factors,
including diet composition, differences in dose, strains, and
physiological status of the animal; however, little emphasis has
been placed on comparing multispecies DFM products under
the same experimental condition (similar diet composition
and physiological status of animals). Since DFM products are
often fed to optimize rumen fermentation, we hypothesized
that, compared with the control, dietary supplementation
of two different multispecies DFM products would alter the
rumen bacterial community and metabolome (comprehensive
measurement of metabolites) differently, but their effects on the
ruminal volatile fatty acids (VFA) profile would be similar to each
other. The objective of this study was to compare the effects of
two DFM products containing multiple microbial species, such
as S. cerevisiae, E. lactis, Bacillus subtilis, E. faecium, and L. casei,
and their fermentation products on energy status, nutrient
digestibility, and ruminal fermentation, bacterial community,
and metabolome of beef steers.

Materials and Methods

All experimental animals were managed according to the
guidelines approved by the Institutional Animal Care and Use
Committee of the University of Kentucky (IACUC number:
00674A2004).

Animal experiments and sample collection

Nine rumen-cannulated Holstein steers (mean + SD body
weight (BW): 243 + 12.4 kg) were assigned to three treatments
arranged in a 3 x 3 Latin square design with three 21-d periods
and 10-d wash-out between periods. The steers were housed in
individual pens and were fed (3% of BW on a dry matter (DM)
basis) a total mixed ration (TMR) containing 79.7% corn silage
and 20.3% concentrate mix on a DM basis (Table 1) once daily at
0900 hours. BWs were taken every 2 wk to adjust the amount of
feed offered. Dietary treatments were 1) control (CON; basal diet
without additive), 2) Commence (PROB; basal diet plus 19 g/d of
Commence), and 3) RX3 (SYNB; basal diet plus 28 g/d of RX3).
Commence is a blend of active S. cerevisiae, E. lactis, B. subtilis,
E. faecium, and L. casei, and their fermentation products. RX3
is a blend of active S. cerevisiae and the fermentation products
of S. cerevisiae, E. lactis, Bacillus licheniformis, and B. subtilis.
Both additives were fed according to the manufacturer’s
recommendation (PMI, Arden Hills, MN, USA). Approximately,
400 g of a premix (dried distillers grain with solubles), which was
formulated to supply the appropriate supplemental level of the
additives, was top-dressed daily on the TMR for the PROB and
SYNB treatments, while a similar quantity of the premix with no
additive was top-dressed for the CON treatment.

The quantity of feed offered to each steer was recorded daily.
Diet refused (as fed) was also measured daily. Diet DM refused
and offered were obtained by drying daily samples of diets



Table 1. Ingredient and chemical composition of the basal diet*

Ingredient (%DM) % of dietary DM
Corn silage 79.7
Dehydrated distillers grain 9.06
Soybean meal 9.28
Limestone 0.42
Deccox? 0.03
Vitamin and mineral premix® 1.51
Nutrient analysis*
DM, % 445
CP, % 14.7
aNDF (amylase treated NDF), % 38.6
ADF, % 21.5
Ether extract, % 3.50
Ca, % 0.87
P, % 0.63
Total digestible nutrients , % 72.6
Net energy of maintenance, Mcal/kg 1.72
Net energy of gain, Mcal/kg 1.10

!Chemical composition of complete diets calculated from analysis
and concentration of individual ingredients.

2Contains 6% decoquinate for the prevention of coccidiosis (Zoetis
Inc.).

3Guaranteed analysis: 15% Ca; 7.5% P; 20% salt; 1% Mg; 1% K;

3,600 mg/kg Mn; 12 mg/kg Co; 1,200 mg/kg Cu; 3,600 mg/kg Zn;

27 mg/kg Se; 60 mg/kg I; 660,000 IU/kg vitamin A; 660 1U/kg vitamin
E; and 66,000 IU/kg vitamin D.

“The chemical composition of the top-dressed premix was not
included in the nutrient analysis.

refused and offered in a forced-air oven at 56 °C for 48 h. Daily
dry matter intake was determined by subtracting the daily DM
refused from the daily DM offered. Samples of TMR collected
weekly were dried for 48 h at 60 °C in a forced-air oven, ground
to pass through a 1-mm screen (Wiley Mill; Arthur H. Thomas
Co.), and sent to a commercial laboratory (Dairy One Forage
Laboratory, Ithaca, NY) for analysis of the chemical composition.

Blood sample collection and analysis

Blood samples from each steer were collected from the
coccygeal vessels before the morning feeding on the last day
(day 21) of each period into a 10-mL vacutainer tube containing
sodium heparin (Vacutainer, Becton Dickinson, Franklin Lakes,
NJ). Immediately after collection, the blood samples were
placed on ice, and thereafter centrifuged at 1,500 x g for 15 min
at 4 °C to harvest the plasma. The plasma samples were then
frozen at —-20 °C until analysis for glucose and nonesterified
fatty acids (NEFA). Plasma concentrations of glucose and
NEFA were measured in duplicate. The plasma samples were
analyzed in duplicate. Glucose concentrations (using 50 pL
each of plasma samples) were measured using a quantitative
colorimetric kit (G7521-1L; Pointe Scientific Inc., Canton, MI).
Concentrations of NEFA (using 5 pL each of plasma samples)
were measured using an enzyme-based assay (NEFA-C kit;
Wako Diagnostics Inc., Richmond, VA) as modified by Johnson
and Peters (1993). The intra- and inter-assay coefficients of
variation for glucose were 2.65% and 4.92%, respectively, while
those for NEFA were 3.61% and 5.84%, respectively.

Apparent total tract digestibility measurements

From day 16 to 20 of each period, TMR, refusal, and fecal
samples were collected daily to determine apparent total tract

Ogunadeetal. | 3

digestibility of nutrients using indigestible neutral detergent
fiber (iNDF) as the digestibility marker (Cole et al., 2011; Krizsan
and Huhtanen, 2013). Samples of TMR and refusal were collected
once daily and stored at —20 °C. Approximately, 75 g of fecal
sample was collected from each steer four times daily at 0800,
1200, 1600, and 2000 hours from the ground, inside the pen,
within few minutes after the animal defecated. Immediately
after collection, fecal samples were stored at —20 °C. At the end
of each period, TMR, refusal, and fecal samples were thawed
and dried at 60 °C for 48 h in a forced-air oven, ground to pass
through a 2-mm screen (Wiley Mill; Arthur H. Thomas Co.),
pooled within steer for each day, and sent to a commercial
laboratory (Dairy One Forage Laboratory, Ithaca, NY) for analysis
of DM, crude protien (CP), acid detergent fiber (ADF), and neutral
detergent fiber (NDF). For iNDF determination, 0.5 g of the TMR,
refusal, and fecal samples was weighed into ANKOM bags (F57;
Ankom Technology Corp.), incubated in rumen fluid, collected
from three beef steers fed corn silage-based diet ad libitum,
for 240 h using an ANKOM Daisy II incubator. The rumen fluid
was changed approximately every 48 h. The residues were
subsequently analyzed for NDF using an ANKOM fiber analyzer
(ANKOM 200, Macedon, NY). Total iNDF consumed (g/d) was
corrected for refusals. Total feces output (kg) was calculated as
total iNDF consumed (g/d) divided by fecal iNDF concentration
(g/kg). Digestibility was calculated as: (intake of nutrient - fecal
output of nutrient)/intake of nutrient.

Rumen fluid collection and analyses

On day 21 of each period, representative samples (150 mL) of the
ruminal contents were collected via the cannula at five different
sites within the rumen at approximately 1, 3, 6, 9, 12, and 18 h
after feeding. A subsample of the rumen content was manually
homogenized as described by Ogunade et al. (2019a) and stored
immediately at -80 °C until DNA extraction. Another subsample
of the rumen content was strained through four layers of
cheesecloth to separate solid and liquid fractions, and the liquid
fraction was immediately measured for pH using a portable pH
meter and, thereafter, stored at -20 °C until VFA, lactate, and
ammonia-N analysis.

VFA, lactate, and ammonia-N analysis

Ruminal fluid samples collected at different time points
were used for analyzing VFA, lactate, and ammonia nitrogen
concentrations. A 1-mL aliquot of the rumen fluid sample was
mixed with 0.1 mL of 500 g/L metaphosphoric acid and 0.1 mL
of 85 mM 2-ethyl butyrate in a 1.5-mL centrifuge tube. The
mixture was centrifuged at 39,000 x g at 23 °C for 15 min. The
samples were analyzed for VFA concentrations (Xu et al., 2010)
using a gas chromatograph with a flame ionization detector
(Agilent Technologies, Inc., Santa Clara, CA). Ammonia nitrogen
concentrations were analyzed in duplicate using a glutamate
dehydrogenase procedure (Kun and Kearney, 1974) adapted
to a Konelab 20XTi clinical analyzer (Thermo Fisher Scientific
Inc., Beverly, MA; Trotta et al., 2018). The intra- and inter-assay
coefficients of variation for ammonia nitrogen were 4.26% and
6.14%, respectively. Lactate was analyzed using a procedure
described by Gutmann and Wahlefeld (1974), which was adapted
to a microplate reader (Trotta et al., 2018).

Microbial DNA extraction and polymerase chain reaction
amplification

Before DNA isolation, equal amounts of the rumen contents
collected at different time points were pooled for each steer.
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Each pooled sample (0.25 g) underwent microbial DNA
extraction using a Qiagen DNeasy Powersoil DNA Isolation kit
following the manufacturer’s instructions (Qiagen, Frederick,
MD). The lysing step was performed using the Disruptor Genie
cell disruptor (Scientific Industries) during which the samples
underwent a 15-min bead-beating lysis. Finally, the genomic
DNA was eluted in 50 pL of 10 mM Tris-HCl. Subsequently,
quantification was performed using a Qubit 2.0 fluorometer
(Life Technologies, Carlsbad, CA) with the double-stranded DNA
high-sensitivity assay.

Mlumina iTag polymerase chain reaction (PCR) was the V4
region of the 16S rRNA gene, which was PCR-amplified using
the Earth Microbiome Project’s 16S rRNA amplification protocol
(Walters et al., 2016). The volume of each reaction was 25 pL
and contained (final concentrations) 1X PCR buffer, 0.8 mM
deoxynucleotide mix (Thermo Fisher, Wilmington, DE), 0.625 U
Ex Tag DNA Polymerase (Takara Bio, Mountain View, CA), 0.2 uM
515F barcoded forward primer, 0.2 pM 806R reverse primer, and
10 ng of template DNA per reaction. PCR was carried out on a
T100 Thermal Cycler (Bio-Rad, Hercules, CA) using the following
cycling conditions: 98 °C for 3 min; then 35 cycles of 98 °C for
1 min, 55 °C for 40 s, and 72 °C for 1 min; final extension was at
72 °C for 10 min; then held at 4 °C. PCR products were visualized
on a 2% agarose E-Gel with ethidium bromide (Thermo Fisher,
Wilmington, DE) for bands at ~400 bp.

Library purification, verification, and sequencing

The PCR products were pooled in an approximate equimolar
manner. The pooled PCR products were then run on a 2% agarose
gel with GelStar Nucleic Acid Gel Stain (Lonza, Rockland, ME) for
visualization. Bands of expected product length were cut from
the gel using sterile scalpels and were subsequently purified
using the QIAquick Gel Purification Kit (Qiagen, Frederick,
MD). The pure library was then quantified using the Qubit 2.0
Fluorometer double-stranded DNA high-sensitivity assay (Life
Technologies, Carlsbad, CA). Before submission for sequencing,
libraries were quality checked using a 2100 Bioanalyzer high
sensitivity DNA analysis kit (Agilent Technologies, Santa
Clara, CA). The sequencing library was stored at —20 °C until
it was shipped on dry ice to Laragen Inc. (Culver City, CA) for
sequencing on an Illumina MiSeq v2 500-cycle kit cassette with
16S rRNA library sequencing primers set for 250 bp, paired-end
reads.

Quality filtering and de-noising

Paired-end sequences were imported into the DADA2 pipeline
for quality filtration, denoising, and chimera removal; 250 bp
reads were filtered at a maximum expected error of 0.5. Trimmed
sequences were then de-noised, merged, and underwent chimera
removal within DADA2 software (https:/github.com/benjjneb/
dada2) (Callahan et al., 2016). Taxonomy was then assigned
against the SILVA database (Caporaso et al., 2010). Amplicon
sequence variants (ASV) were tabulated for use in downstream
taxonomic summary and analysis. A reformatted ASV-table was
converted to BIOM format for use with QIIME-1.9.1.

Rumen metabolomics analysis

In-depth untargeted metabolome profile of the pooled rumen
fluid samples was done using a chemical isotope labeling
(CIL)/liquid  chromatography-mass spectrometry (LC-MS)-
based technique to target the amine and phenol-containing
submetabolome. A subsample (1 mL) of the rumen fluid was
centrifuged at 15,000 x g for 10 min and the supernatant was
analyzed. The workflow of the differential ?C- and **C-isotope

dansylation LC-MS method for analyzing the amine/phenol-
containing submetabolome has been reported in our previous
study (Adeyemi et al.,, 2019). Sample amount normalization
was done using liquid chromatography-ultraviolet (LC-UV)
quantification of the dansyl-labeled metabolites (Wu and Li,
2012), and relative quantification of the metabolites based on
peak ratio values was performed on an Agilent 1100 LC system
(Palo Alto, CA) connected to a Bruker Impact HD quadrupole
time-of-flight (QTOF) MS (Billerica, MA). Detailed information on
dansylation protocol, LC-UV and LC-MS setup, and concentration
measurement have been previously reported (Mung and Li, 2017).
A total number of 35 LC-MS data files were generated (4 blank
group samples, 4 quality control samples, 9 CON samples, 9
PROB samples, and 9 SYNB samples). The quality control sample
was prepared by mixing an equal amount of a ?C-labeled and
a *C-labeled pooled sample and was injected every 10 sample
runs to monitor instrument performance.

Data and statistical analysis

The experimental design was a triplicated 3 x 3 Latin square
with nine experimental units per treatment. Variables
that were measured repeatedly over time, such as VFA
concentrations, lactate, ammonia-N, and pH, were analyzed
using the GLIMMIX procedure (SAS version 9.4, SAS Institute
Inc., Cary, NC). The model for analyzing the data included the
effects of treatment, period, steer (random), sampling time,
and the interaction between treatment and time. Normality
was tested by examining the distribution of residuals.
Denominator degrees of freedom were estimated using the
Kenward-Roger option in the MODEL statement. Time was
used in the repeated-measures statement. Autoregressive
order 1 was selected based on Akaike information criterion
values as the repeated measure covariance structure. The
model for analyzing outcomes that were not measured
repeatedly over time included the effects of treatment, period,
and steer (random). For the bacterial diversity analysis,
multiple rarefactions were conducted on sequences across all
samples from a minimum depth of 100 to a maximum depth
of 6,000 sequences, with a step size of 600, and 10 iterations
at each step. Alpha diversities were then collated, plotted, and
compared using a nonparametric Monte Carlo permutations
(n = 999). Within-sample () diversity comparisons were done
pairwise among the treatment groups based on the Chaol
estimates. Partial least squares discriminant analysis (PLS-DA)
was performed using the cumulative sum scaling normalized
operational taxonomic unit table with the mixOmics R package
(Rohart et al., 2017). For all data, except the metabolomics
data, post hoc mean comparisons were performed using the
Tukey-Kramer procedure for pairwise multiple comparisons.
Significance was declared at P < 0.05, and trends toward
significance were declared at 0.05 < P < 0.10.

For the metabolomics data, the 35 LC-MS data files (in profile
mode) were converted to text file (in centroid mode) using
Bruker DataAnalysis software 4.4. Raw data processing and
quality check were performed using IsoMS Pro 1.0 according
to the procedures described by Mung and Li (2017). Peak pairs
whose mean (sample)/mean (blank) was < 4.0 were filtered
out. Three-tier identification approach was used to perform
metabolite identification (Li et al., 2013). In tier 1, peak pairs
were searched against a CIL Library based on accurate mass and
retention time (RT) (Huan and Li, 2015). In tier 2, linked identity
(LI) library was used for high-confidence identification, based on
accurate mass and predicted RT matches (Li et al., 2013). In tier
3, the remaining peak pairs were searched, based on accurate
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mass match, against the MyCompoundID library (MCID; www.
MyCompoundID.org) (Li et al., 2013). Multivariate (PLS-DA scores
plot) and univariate statistical analyses (volcano plot) were
generated using IsoMS Pro 1.0 (Mung and Li, 2017). The volcano
plot was constructed by plotting the fold change (FC; PROB/
CON, SYNB/CON, SYNB/PROB) of each metabolite against false
discovery rate adjusted P-value. Metabolites with FC > 1.2 or <
0.83 having P-value < 0.05 were considered to be differentially
increased or decreased, respectively.

Results

Rumen fermentation parameters

Compared with CON, supplementation of either PROB or SYNB
increased (P < 0.05) the total VFA, propionate, and valerate
concentrations and tended to increase (P = 0.10) isovalerate
concentration (Table 2). There were no differences (P > 0.05)
between PROB and SYNB, except that supplemental PROB
reduced (P = 0.05) ammonia-N concentration compared with
CON and SYNB. There were no treatment or treatment x time
interaction effects (P > 0.05) on ruminal pH, acetate, isobutyrate,
butyrate, and lactate concentrations (Table 2).

Energy status and apparent nutrient digestibility

Compared with CON, steers fed diets supplemented with
either PROB or SYNB had greater (P = 0.04) plasma glucose
concentrations; however, there were no effects on plasma NEFA
concentrations (P = 0.56; Table 3). Average daily intakes and
apparent total tract digestibilities of DM, CP, NDF, and ADF did
not differ (P > 0.05) among treatments (Table 4).

Table 2. Effects of dietary supplementation of DFM containing
multiple microbial strains and their fermentation products on the
rumen fermentation of beef steers

Item CON PROB SYNB SEM P-value
Acetate, mM 25.8 27.8 30.5 2.02 0.32
Propionate, mM 832>  11.1° 12.3¢ 0.95 0.03
Valerate, mM 0.99° 1.76% 1.552  0.18 0.01
Isovalerate, mM 0.43v 0.55% 0.58% 0.05 0.10
Butyrate, mM 6.89 7.99 7.90 0.77 0.83
Isobutyrate, mM 0.32 0.35 0.39 0.04 0.58
Total VFA, mM 52.5° 59.92 61.6° 2.71 0.01
Lactate, mM 0.63 0.69 0.53 0.20 0.63
Ammonia-N, mM 3.722 2.13¢ 3212 0.42 0.05
pH 6.67 6.54 6.71 0.12 0.52

a*Within a row, treatment means with different superscripts differ,
P <0.05.

xyWithin a row, treatment means with different superscripts tend to
differ, 0.05 < P < 0.10.

Table 3. Effects of dietary supplementation of DFM containing
multiple microbial species and their fermentation products on
plasma glucose and NEFA concentration in beef steers

Item CON PROB SYNB SEM P-value

Plasma glucose, mg/Dl 66.9°  70.32 69.72 1.24 0.04
NEFA, mEq/L 0.13 0.12 0.13 0.005 0.56

*’Within a row, treatment means with different superscripts differ,
P <0.05.
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Relative abundance of bacteria

Following sequencing and quality control, a total of 950,000
filtered paired-end reads were generated. A range of 23,841
to 77,960 sequences per sample was retained after quality
filtration and read merging. Prevotella 1 dominated (67 + 22.4%)
the ruminal bacterial community at the genus level, followed
by Prevotella 7 (4.7 + 16.93 %), Rikenellaceae RC9 gut group (3.3 +
2.83%), and then Succinivibrio (1.8 + 8.13%), Succinivibrionaceae
UCG-001 (1.8 + 7.74%), and Succiniclasticum (1.8 + 2.40%;
Supplementary Table S1).

Treatments did not affect Chaol estimate, a measure
of within-sample (a) diversity (Supplementary Figure S1).
PLS-DA scores plot revealed differential bacterial community
composition among the three treatment groups (Figure 1).
Treatment effects on the relative abundance of bacteria at the
genus level that were affected by dietary treatments are shown
in Table 5. Compared with CON, supplemental PROB reduced
(P <0.05) the relative abundance of Prevotella 1 and Prevotellaceae
UCG-001. Conversely, the relative abundance of Rikenellaceae
RC9 gut group, Succinivibrionaceae UCG-001, Succiniclasticum,
Ruminococcaceae UCG-014, and Ruminococcaceae UCG-002 were
increased (P < 0.05). Supplemental SYNB decreased (P < 0.05)
the relative abundance of Prevotella 1 and Prevotellaceae UCG-
001 but increased (P < 0.05) the relative abundance of Prevotella
7, Succinivibrio, Succiniclasticum, and Ruminococcaceae UCG-014.
Compared with SYNB, supplemental PROB reduced (P < 0.05) the
relative abundance of Prevotella 7 and Succinivibrio but increased
(P < 0.05) the relative abundance of Ruminococcaceae UCG-002,
Rikenellaceae RC9 gut group, and Succinivibrionaceae UCG-001.

CIL/LC-MS-based metabolomics analysis

An average of 3,392 + 80 peak pairs per sample was detected.
Peak pairs that were not present in at least 80.0% of samples in
any group were removed. After filtering, 3,219 + 59 peak pairs per
sample were retained (Supplementary Table S2). Among them,
165 peak pairs were positively identified in tier 1, 201 peak pairs
were putatively identified with high confidence in tier 2, and
2,096 peak pairs were matched against the MCID in tier 3.

The PLS-DA scores plots showed separations between
CON vs. each of PROB and SYNB and between PROB and SYNB
(Figure 2a—c), indicating that PROB and SYNB supplementation
differentially altered the ruminal metabolome of the beef
steers. The result of the volcano plot analysis showed that,
relative to CON, 44 peak pairs with FC > 1.2, P-value < 0.05 (in
red), and 24 peak pairs with FC < 0.83, P-value < 0.05 (in blue,

Table 4. Effects of dietary supplementation of DFM containing
multiple microbial species and their fermentation products on
intake and apparent total tract digestibility of nutrients in beef steers
(day 16 to 20)

Item CON PROB SYNB SEM P-value
Intake, kg/d
DM 6.83 7.02 6.91 0.32 0.81
CP 1.01 1.07 1.03 0.05 0.62
ADF 1.45 1.50 1.48 0.10 0.69
NDF 2.62 2.69 2.67 0.08 0.57
Apparent digestibility, %
DM 65.6 65.6 63.9 1.12 0.26
CP 56.8 57.2 54.2 1.78 0.18
ADF 51.6 50.6 50.8 1.38 0.72
NDF 50.0 49.1 48.8 1.42 0.71
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Figure 1. PLS-DA scores plot the ruminal bacterial community of beef steers fed diets supplemented with DFM containing multiple microbial species and their

fermentation products.

Table 5. Effects of dietary supplementation of DFM containing multiple microbial species and their fermentation products in the diet of beef

steers on the relative abundance of ruminal bacteria at the genus level

Genus (% of total sequences)* CON PROB SYNB SEM P-value
Prevotella 1 72.6% 65.6° 64.1° 2.67 0.01
Prevotella 7 0.30° 0.96° 12.82 3.51 0.01
Rikenellaceae RC9 gut group 1.96° 5.622 2.44° 0.96 0.01
Succinivibrio 0.07° 0.34° 4.962 1.17 0.02
Succinivibrionaceae UCG-001 0.88° 4.442 0.00° 1.39 0.01
Succiniclasticum 0.19° 1.342 1.692 0.42 0.01
Ruminococcaceae UCG-014 0.57° 1.572 1.662 0.41 0.04
Ruminococcaceae UCG-002 0.83° 1.432 0.79° 0.23 0.05
Prevotellaceae UCG-001 1.142 0.60° 0.44° 0.17 0.01

'Only bacterial genera (> 0.1% of total sequences) that were different in any of the treatment groups (P < 0.05) are shown.
aPWithin a row, treatment means with different superscripts differ, P < 0.05.

Figure 3a) were differentially altered by PROB supplementation.
Among them, 9 peak pairs were positively identified in tier 1,
2 peak pairs were high-confidence-putatively identified in tier
2, and 38 peak pairs were putatively matched in tier 3 using
MCID library (Supplementary Table S3). The metabolites that
were positively and putatively identified with high confidence
are shown in Table 6. Compared with CON, eight metabolites
(taurine, glutamyl-proline, valine, phenylalanine, norleucine,
histinyl-proline, tyrosine, and p-cresol) were differentially
increased (FC = 1.2, P < 0.05) in steers fed PROB diet, whereas
three metabolites (cystathionine, isomers of (R)-1-aminopropan-
2-ol, and 3-(2,3-dihydroxyphenyl)propanoate) were differentially
reduced (FC < 0.83, P < 0.05).

For comparison of CON vs. SYNB, the volcano plot analysis
showed that 44 peak pairs with FC > 1.2, P-value < 0.05 (in
red), and 24 peak pairs with FC < 0.83, P-value < 0.05 (in blue,
Figure 3b). None of these peak pairs could be positively or high-
confidence-putatively identified (Supplementary Table S4). For
comparison of SYNB vs. PROB, the volcano plot analysis showed
that four peak pairs with FC > 1.2, P-value < 0.05 (in red), and 19
peak pairs with FC < 0.83, P-value < 0.05 were altered (in blue,
Figure 3c). Among those that were positively and putatively
identified with high confidence, relative concentrations of

phenylalanine, histinyl-proline, glutamyl-proline, valine, and
para-cresol were differentially increased (FC = 1.2, P-value < 0.05)
by PROB supplementation (data not shown).

Discussion

Alterations in ruminal fermentation and bacterial population
structure caused by dietary supplementation of DFM products
containing multiple microbial species such as S. cerevisiae and
lactic acid bacteria have been widely reported in ruminants
(McAllister et al., 2011, Fomenky et al., 2018; Ogunade et al.,
2019b). However, results of DFM supplementation in animals
cannot be compared due to the diversity of DFM products,
differences in their composition, processing, doses, and animal
factors. Moreover, the continuing development of different
DFM products emphasize the need for more research studies to
understand their underlying mechanisms.

Dietary supplementation of either PROB or SYNB increased
the total ruminal VFA concentration possibly due to increased
ruminal microbial growth or activities, rather than increased
substrate availability because DM intake was not different
among the treatments. VFA are the major products of microbial
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Table 6. Identified metabolites that were affected by supplemental PROB

Item* Normalized RT? FC? P-value Identification level*
Taurine 157.6 1.50 0.04 Tier 1
Glutamyl-proline 389.6 1.42 0.03 Tier 1
Valine 662.4 1.26 0.04 Tier 1
Phenylalanine 783.2 1.73 0.01 Tier 1
Cystathionine 830.8 0.70 0.04 Tier 1
Norleucine 837.8 1.63 0.01 Tier 1
Histidinyl-proline 1,098.2 1.25 0.03 Tier 1
Tyrosine 1,363.3 1.62 0.04 Tier 1
Para-cresol 1,482.6 1.42 0.01 Tier 1
Isomer of (R)-1-aminopropan-2-ol 413 0.51 0.04 Tier 2
3-(2,3-Dihydroxyphenyl)propanoate 756.9 0.72 0.02 Tier 2

10Only metabolites with both FC > 1.2 or < 0.83, relative to Control, and P < 0.05 are shown.
“Normalized RT shows the corrected RT of the peak pair with Universal RT Calibrant data.

°FC: fold change relative to Control.

“Tier 1—Positive Identification (CIL Library);Tier 2—High Confidence Putative Identification (LI Library).

fermentation in the rumen (Dijkstra, 1994). They are essential
for the overall metabolism of the ruminant animals because
they contribute up to 75% of the total metabolic energy needs
of ruminants (Bergman, 1990). Thus, the increased production
of VFA in the rumen often results in improved metabolic status
and productivity of the animals (Kolver and de Veth, 2002; Oba
and Allen, 2003).

Lactate was not influenced in this study even though
PROB contains a blend of lactic acid-producing bacteria
(E. lactis, E. faecium, and L. casei) possibly because the diet fed
did not support lactate accumulation as shown by the low
lactate concentrations and high ruminal pH values. Increased
concentrations of ruminal propionate, valerate, and isovalerate,
which are glucogenic precursors for net synthesis of glucose,
often translate to the improved energy status of ruminants
(Aschenbach et al., 2010). This explains greater plasma glucose
concentrations in beef steers fed either supplemental PROB
or SYNB. Plasma glucose concentration is often utilized as an
indicator of energy metabolism in ruminants (Aschenbach
et al., 2010). Glucose is the primary energy source for ruminants
and its increased concentration is often an evidence of
improved energy and nutritional status of the animals
(Grummer, 1993). NEFA is formed from the degradation of fatty
acids in the adipose tissues and liver cells for energy production
when glucose supply is inadequate (Aschenbach et al., 2010).
Regardless of dietary treatment, plasma NEFA concentration
was low, indicating that the diet fed was adequate to meet the
energy demand of the steers. Although comparisons of results
of research studies that evaluated the use of DFM products
should be done with caution due to factors mentioned earlier,
similar results have been reported by studies that tested
multispecies DFM products in dairy cows. For example, Nocek
et al. (2003) reported that dietary supplementation of a DFM
product containing two strains of Enterococcus (5 x 10° cfu/d) and
S. cerevisiae (2 x 10° cfu/d) to lactating Holstein cows during the
transition period resulted into higher blood levels of glucose
and lower serum levels of beta-hydroxybutyric acid. Similarly,
Nocek and Kautz (2006) observed no changes in plasma NEFA
concentration, but there were higher blood glucose and lower
beta-hydroxybutyric acid levels in transition dairy cows. These
results were also supported by the results of our previous studies
that demonstrated improved energy status and performance of
newly weaned beef steers fed supplemental PROB (Adeyemi
et al,, 2019, 2020). Adeyemi et al. (2020) demonstrated that
supplementation with PROB altered the plasma metabolome
toward increased concentrations of monosaccharides, such as

glucose, galactose, fructose, and glyceraldehyde, and decreased
concentration of acetoacetate, indicating an improved energy
status of the animals. Adeyemi et al. (2019) reported improved
growth and feed efficiency of beef steers fed supplemental PROB
possibly as a result of improved energy status of the animals.

Apparent total tract digestibilities of DM, CP, NDF, and
ADF were not different among treatments. Effects of DFM
on diet digestibility have been inconsistent; however, a large
number of research studies have either reported no or negative
effects of DFM products on nutrient digestibility. For example,
in a recent study that evaluated a similar multispecies
DFM product in dairy cows (Oh et al, 2019), dietary
supplementation of a blend of S. cerevisiae, Lactococcus lactis,
B. subtilis, E. faecium, and L. casei had no effects on total tract
digestibility of nutrients. Beauchemin et al. (2003) observed
no effects of dietary supplementation of a DFM product
containing 6 x 10° cfu/g of E. faecium on total tract digestibility.
In fact, dietary supplementation of 6 x 10° cfu/g of E. faecium
decreased in situ digestibility of corn, barley, and alfalfa hay
in steers (Beauchemin et al., 2003). In another study (Raeth-
Knight et al., 2007), no effects on apparent digestibilities of
DM, CP, NDF, or starch digestibility were observed in dairy
cows fed a diet supplemented with multispecies DFM product
containing 1 x 10° cfu/g of Lactobacillus acidophilus, 2 x 10° cfu/g
of P. freudenreichii, and 5 x 10% cfu/g of L. acidophilus. Lack of
effects on apparent total tract digestibility of nutrients in this
study showed that the improved energy status of the steers fed
supplemental PROB or SYNB in this study was not a reflection
of feed digestibility.

Analysis of the ruminal bacterial composition revealed
a Prevotella-dominated community. Species of Prevotella
grow rapidly when fermentable carbohydrates are available
(Bekele et al., 2010; Pitta et al., 2010). Corn silage is a source of
fermentable carbohydrates that can be utilized by Prevotella
as energy sources to produce succinate and acetate as the
major fermentation end products (Flint et al., 2008; Dodd et al.,
2011). As observed in this study, Lettat et al. (2013) reported
the dominance of metabolically active Prevotella species in the
rumen of dairy cows fed 100% corn silage-based diet. Moreover,
Prevotella is considered the most dominant bacterial group in the
rumen (Nagaraja and Titgemeyer, 2007; Stevenson and Weimer,
2007; Kim et al., 2011).

Supplementation of PROB increased the relative abundance
of Succinivibrio, Rikenellaceae RC9 gut group, and Succiniclasticum,
whereas supplemental SYNB increased the relative abundance
of Succinivibrionaceae UCG-001 and Succiniclasticum. Succinivibrio



and Succinivibrionaceae UCG-001 contribute to the production
of succinate, a precursor for propionate and valerate synthesis
by other microbes in the rumen (Holman and Gzyl, 2019).
Rikenellaceae RC9 gut group can produce succinate and propionate
as fermentation end products (Graf, 2014). Succiniclasticum can
ferment succinate solely to propionate (van Gylswyk, 1995,
Stewart et al., 1997). Greater relative abundances of these ruminal
bacteria possibly explain the increased propionate concentrations
in steers fed supplemental PROB and SYNB. The effects of DFM
on ruminal fermentation have been shown to be influenced by
several factors including diet. In animals fed a high grain diet,
certain DFMs containing S. cerevisiae and/or lactic acid bacteria
have been demonstrated to alter ruminal fermentation by
stimulating the population of lactate-consuming bacteria, which
can ferment lactate to propionate (Nagaraja and Titgemeyer,
2007; McAllister et al., 2011), thereby increasing ruminal pH. In
high roughage diet, S. cerevisiae has been demonstrated to create
an ecological condition that favors the growth of cellulolytic
bacteria by scavenging oxygen and supplying growth factors
essential for their growth (Robinson and Erasmus, 2009). The
results of this study showed that the corn silage-based diet fed
favored the dominance of Prevotella, which can produce acetate
and succinate from fermentation of saccharides (Ueki et al,
2007). Thus, it is reasonable to infer that supplemental PROB and
SYNB stimulated the relative abundance of ruminal bacteria that
can produce succinate and those that can ferment succinate
to propionate, valerate, and isovalerate. In a previous study, the
relative abundance of Succinivibrio and Succinivibrionaceae were
found to be positively correlated with propionate and valerate
(Xue et al., 2018). This further explains why supplemental PROB
and SYNB modulated the rumen fermentation toward increased
concentration of ruminal glucogenic precursors for net synthesis
of glucose. The fact that either PROB or SYNB increased the
relative abundance of cellulolytic bacteria such as Ruminococcaceae
UCG-014 and Ruminococcaceae UCG-002 is consistent with previous
studies that demonstrated that some DFM containing strains of
S. cerevisiae improved ruminal cellulolytic activities by favoring the
growth of cellulolytic bacteria (Newbold et al., 1996; Chaucheyras-
Durand and Fonty, 2002). It is important to note that although both
additives altered the general structure of the bacterial community
differently, similar ruminal environment and fermentation in
terms of fermentation acids and pH were achieved.

Increased levels of amino acids such as taurine, valine,
norleucine, phenylalanine, glutamyl-proline, histidinyl-proline,
and tyrosine in steers fed supplemental PROB relative to CON are
probably an indication of reduced deamination of amino acids
in the rumen, which supports the lower levels of ammonia-N
observed in steers fed supplemental PROB, compared with
CON. The fact that the same results were not observed with
supplemental SYNB is probably a result of the differential effects
of the two additives on the ruminal bacterial community. As
earlier stated, supplemental PROB reduced the relative abundance
of Prevotella, relative to CON. In contrast, supplemental SYNB
reduced the relative abundance of Prevotella 1 and increased that
of Prevotella 7. In addition to being carbohydrate-fermenters and
succinate-producers, species of Prevotella generally can degrade
protein and peptides in the rumen (Stewart, 1997) because they
possess a significant dipeptidyl peptidase activity (Wallace et al.,
1997). Species of Prevotella have been reported to act synergistically
with hyper-ammonia-producing bacteria to convert peptides and
amino acids to ammonia (Madeira et al., 1997). Indeed, ruminal
ammonia levels were increased in ruminants fed supplemental
Prevotella bryantii (Chiquette et al., 2008; Fraga et al., 2018). Excessive
deamination of amino acids to ammonia-N in the rumen often
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causes inefficient N retention by ruminants (Calsamiglia et al.,
2010; Yang et al., 2010); thus, increased levels of amino acids
could, in turn, contribute to an efficient N utilization due to their
increased supply for intestinal absorption.

The biological significance of reduced ruminal concentration
of cystathionine, a sulfur-containing amino acid formed as an
intermediate in the conversion of methionine to ammonia,
ketobutyrate, and cysteine (Beatty and Zhou, 2005), by
supplemental PROB is not known because the concentrations
of methionine and cysteine were not affected. Limited or no
information is available in the literature on the significance
of the other metabolites (para-cresol, isomer of (R)-1-
aminopropan-2-ol and 3-(2,3-dihydroxyphenyl)propanoate)
altered by PROB supplementation in this study. More in-depth
studies are needed to understand better how these metabolites
are associated with rumen fermentation and future advances in
metabolomics technology should also focus on identifying some
of the metabolites that were putatively matched in MCID library.

Conclusions

This study demonstrated that supplementation of PROB or
SYNB differentially altered the ruminal bacterial community
toward increased relative abundance of bacteria (Succinivibrio,
Rikenellaceae RC9 gut group, and Succinivibrionaceae UCG-001)
that can produce succinate and that of Succiniclasticum that can
ferment succinate to propionate. This resulted in a significant
improvement in the plasma glucose levels of beef steers fed
supplemental PROB or SYNB; however, there were no effects
on apparent digestibilities of nutrients. In contrast to SYNB,
analysis of the amine/phenol-metabolome of the rumen fluid
revealed that supplemental PROB reduced ruminal amino acid
deamination, which was supported by reduced ammonia-N
concentration. The differential bacterial community and
metabolome shift caused by the additives resulted in similar
concentrations of ruminal fermentation acids. These results
also revealed that the positive effect of supplemental PROB and
SYNB on the energy status of the steers, under the condition
of this study, was achieved via mechanisms such as altered
ruminal fermentation pattern and growth of target ruminal
bacteria, other than feed digestibility.

Supplementary Data

Supplementary data are available at Journal of Animal Science
online.
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