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ABSTRACT

We examined the effects of dietary supplementation of a multicomponent blend of prebiotics and probiotics on health, immune status, me-
tabolism, and performance of newly weaned beef steers during a 35-d receiving period. Eighty newly weaned crossbred steers (12-hour
postweaning; 206 + 12 kg of body weight [BW]) from a single source were stratified by BW into four pens (20 steers per pen) such that each
pen had similar BW at the beginning of the experiment. The pens were randomly assigned to receive a corn silage-based diet with no additive
(CON; two pens; n = 40 steers) or a basal diet supplemented with SYNB feed additive at an average of 28 g/steer/d (SYNB; two pens; n = 40
steers). The SYNB additive is a blend of live Saccharomyces cerevisiae and the fermentation products of S. cerevisiae, Enterococcus lactis,
Bacillus licheniformis, and Bacillus subtilis and was supplemented for the first 21 d only. Percentage of steers treated for bovine respiratory
disease (BRD) was calculated for each dietary treatment. Daily dry matter intake (DMI) and meal events (meal frequency and duration) were
measured. Weekly BWs were measured to calculate average daily gain (ADG). Blood samples collected on days 0, 14, 21, 28, and 35 were used
for ex-vivo tumor necrosis factor alpha (TNFa) release assay following lipopolysaccharides (LPS) stimulation, plasma metabolome analysis, and
mRNA expression analysis of 84 innate and adaptive immune-related genes. Compared with CON, supplemental SYNB increased (P < 0.05)
ADG, DMI, and meal events during the first 7 d. At d 21, there was no treatment effect (P > 0.05) on final BW, DMI, ADG, and meal events;
however, beef steers fed supplemental SYNB had greater (P = 0.02) meal duration. Over the entire 35-d receiving period, beef steers fed supple-
mental SYNB had greater (P = 0.01) ADG and feed efficiency, tended to have greater (P = 0.08) meal duration, and had lower percentage (35 vs.
50%) of animals treated for BRD and lower percentage of sick animals treated for BRD more than once (7.15 vs. 45%). \WWhole blood expression
of pro-inflammatory genes was downregulated while that of anti-inflammatory genes was upregulated in beef steers fed supplemental SYNB.
Beef steers fed supplemental SYNB had lower (P = 0.03) plasma concentration of TNFa after LPS stimulation. Six nutrient metabolic pathways
associated with health benefits were enriched (false discovery rate < 0.05) in beef steers fed supplemental SYNB. This study demonstrated that
dietary supplementation of SYNB during the first 21 d of arrival reduced BRD morbidity, improved the performance, immune, and metabolic
status of beef steers over a 35-d receiving period thereby extending the SYNB effect by a further 14 days post supplementation.
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INTRODUCTION microbial (DFM) can modulate microbial balance in the
gastrointestinal tract by stabilizing ruminal pH, promoting
ruminal fermentation that ultimately increases total volatile
fatty acids (VFAs), improves performance, and stimulates im-
mune function (Newbold et al., 1996; Krehbiel et al., 2003;
Adeyemi et al., 2019). However, responses to dietary DFM
supplementation are inconsistent across studies due to sev-
eral factors including differences in species and strains of
organisms, dietary inclusion level, diet composition, and an-
imal factors (McAllister et al., 2011; Plaizier et al., 2018).
For instance, some studies reported improved growth per-
formance and health of newly weaned beef steers fed S.
cerevisiae-based DFM (Armato et al., 2016; Adeyemi et al.,
2019); while several other studies reported no effects on per-
formance and health of newly weaned beef steers during the
receiving period (Krehbiel et al., 2001; Fink et al. 2014).

The feedlot receiving period of newly weaned beef cattle is
characterized by stressors caused by several factors such as
weaning, transportation, vaccination, new environment, ex-
posure to pathogens, and diet change (Arthington et al., 2013,
Lynch et al., 2019). In addition to these stressors, dry matter
intake (DMI) of newly weaned beef cattle is low, resulting
in nutrient deficiencies that further increase susceptibility to
disease and performance losses (Hutcheson and Cole, 1986;
Duff and Galyean, 2007). Hence, nutritional interventions,
including the use of microbial feed additives, are often em-
ployed during the receiving period as well as during the entire
feedlot period to optimize intake, health, immune status, and
reduce morbidity of newly weaned beef cattle.

Research studies have demonstrated that dietary sup-
plementation of Saccharomyces cerevisiae-based direct-fed
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The use of fermentation products of microorganisms as
prebiotics to improve health and performance of beef cattle
has been assessed because these products are known to con-
tain several nutritional metabolites such as B-vitamins, organic
acids, enzymes, amino acids, nucleotides, and lipids that can
enhance the growth and activities of beneficial microbes in the
gut (Tricarico et al., 2007; Deters et al., 2018). Studies have
reported positive effects on DMI and growth performance
when beef or dairy calves are supplemented with fermentation
products of S. cerevisiae (Lesmeister et al., 2004; Harris et al.,
2017). However, animal response to these additives is incon-
sistent, with several studies reporting no effects on overall beef
cattle receiving period performance (Deters et al., 2018; Hall
et al., 2018; Deters and Hansen, 2019).

In recent years, most microbial products are formulated to
contain a blend of one or more microorganisms (probiotics)
and their fermentation products (prebiotics) to ensure
efficacies and multifactorial responses (McAllister et al.,
2011; Ogunade et al., 2020). Inconsistent responses to sup-
plemental microbial products and the development of new
DFM strains emphasize the need for more research studies
to provide insight into their mechanisms of action. We
hypothesized that supplementation of a multicomponent die-
tary feed additive containing prebiotics and probiotics would
improve health and performance by reducing morbidity of
newly weaned beef steers during the receiving period. The
objective of this study was to evaluate the effects of dietary
supplementation of a blend of live S. cerevisiae and the fer-
mentation products of S. cerevisiae, Enterococcus lactis,
Bacillus licheniformis, and Bacillus subtilis on growth per-
formance, whole-blood immune gene expression, response to
ex-vivo lipopolysaccharides (LPS) challenge, and the plasma
metabolome of newly weaned beef steers during a 35-d re-
ceiving period.

MATERIALS AND METHODS

Animals, Housing, and Feeding

All animal care and use procedures were in accordance with
the guidelines for use of Animals in Agriculture Teaching
and Research as approved by the West Virginia University
(#21080466135). Eighty (80) newly weaned crossbred steers
(12-hour post-weaning; 206 = 12 kg of body weight [BW];
180 = 17 d of age) from a single source were used. The steers
were vaccinated at approximately 60 d of age and received
the booster shots prior to weaning (approximately 180 d of
age). The vaccination protocol consisted of two vaccinations
(Alpha-7/MB-1 and Pyramid 5 plus Presponse sq, Boehringer
Ingelheim Animal Health, Duluth, GA). The beef steers were
transported approximately 150 miles to the research feedlot
barn, and immediately weighed, processed, and placed on
corn silage-based diet on the day of arrival (d 0). Processing
included ear tag placement for unique radiofrequency identi-
fication and administration of de-wormers (Valbazen, Zoetis
Inc., Kalamazoo, MI). Based on d 0 BW, the steers were
stratified by BW into four pens (20 steers per pen) such that
each pen had similar BW at the beginning of the experiment.
Each pen (size = 14.6 by 46.9 m?) was equipped with three
GrowSafe intake nodes (GrowSafe Systems Ltd., Airdrie,
Alberta, Canada) to measure individual feed intake. Starting
from d 1, the pens were randomly assigned to receive a corn
silage-based diet with no additive (CON; two pens; 7 = 40
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Table 1. Ingredient and chemical composition of the basal diet

Ingredient (% DM) % of dietary DM

Corn silage 64.0

Mixed grass hay? 20.0

Soybean meal 8.12
Dehydrated distillers’ grain 2.58
Soybean hulls 3.57
Limestone 0.60
Urea 0.50
Limestone 0.50
Vitamin and mineral premix® 1.63

Nutrient analysis

DM, % 51.9
CP, % 16.3
Andf, % 47.7
ADE, % 29.6
Ca, % 0.71
P, % 0.48
TDN, % 69.5
NE_, Mcal/kg 1.62
NE,, Mcal/kg 1.02

“Contains a mixture of orchard grass and fescue grass.

"Guaranteed 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 [U/kg vitamin A; 660 IU/kg vitamin E; and
66,000 IU/kg vitamin D.

DM, dry matter; CP, crude protein; Andf, neutral detergent fiber (amylase
treated); ADF, acid detergent fiber; EE, ether extract; TDN, total digestible
nutrients; NE,_, net energy of maintenance; NE,, net energy of gain.

steers) or a basal diet supplemented with a SYNB feed ad-
ditive at an average of 28 g/steer/d (SYNB; two pens; n =
40 steers). The SYNB additive is a blend of live S. cerevisiae
and the fermentation products of S. cerevisiae, E. lactis, B.
licheniformis, and B. subtilis (Purina Animal Nutrition, Arden
Hills, MN). The SYNB additive was supplemented for the first
21 d of the experiment and then removed d 22-35 to identify
carry-over effects on inflammatory markers, immune func-
tion, calf morbidity, and performance. The basal diet was fed
as a total mixed ration (TMR, Table 1) and was formulated
following NASEM (2016) recommendations for growing beef
cattle. Approximately 125 g of a premix (dried distillers grain
with solubles) was formulated to contain 28 g/d of the sup-
plemental additive and was mixed in the TMR at a certain
percentage based on previous day’s average intake for each
pen (day x intake was used to calculate inclusion rate for day
x +1) to provide the required level of the additive for each
steer in each pen (average of 28 g of SYNB/hd/d) while a sim-
ilar quantity of the premix with no additive was added for
the CON treatment pens. The CON and SYNB diets were
mixed in separate feed trucks to eliminate possibility of cross
contamination of diets and the diets were fed ad libitum (to
achieve approximately 10% ort) daily at 0900 h.

Intake and BW Measurement

Individual feed intake was measured using the GrowSafe in-
take nodes and a 24-h intake was measured from 0900 h to
0800h the next day. Samples of TMR were collected daily
from CON and SYNB diets and were weighed and oven dried
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at 55 °C for 72 h to determine dry matter content. Subsamples
of the dried TMR were composited within treatment, ground
using a Wiley mill (Arthur H. Thomas Co., Philadelphia, PA)
to pass a 2-mm sieve, and sent to a commercial laboratory
(Dairy One Forage Laboratory, Ithaca, NY) for analysis for
nutritional composition.

BWs of steers were obtained before morning feeding (after
12-14 h of feed and water withdrawal) on d 0, 7, 14, 21,
28, and 35. Average daily gain (ADG) was determined by
subtracting the initial weight on day 0 from the final weight
on day 35 and then dividing by the duration of the experi-
ment (35). Values of ADG fromd 1to 7,1 to 21, and 22 to 35
were also calculated. Feed efficiency (gain-to-feed ratio) was
calculated for the entire 35 d period.

Meal Events

Meal frequency (AVGFREQ; events/d) and meal duration
(AMD; minutes/d) were measured using the GrowSafe system.
Meal frequency was defined as the number of meal events re-
corded each day while AMD was defined as the sum of the
durations of meal events recorded each day. The AVGFREQ
and AMD data were summarized as the average of each in-
dividual steer over a specific period (d 1-7, 1-21, 22-35, and
1-35).

Morbidity

The beef steers were visually examined daily by a licensed
veterinarian and treated for bovine respiratory disease (BRD)
if needed. For an animal to qualify for treatment, the animal
appeared visually sick (e.g., lethargic, coughing, weeping eyes,
nasal discharge, drooping head and ears) or had BW loss rel-
ative to initial BW and had a rectal temperature greater than
39.5 °C. A suitable medication protocol was followed, and
the order of treatment administration consisted of a single
subcutaneous injection of Draxxin (Tulathromycin, Pfizer,
New York, NY) followed by a single intravenous adminis-
tration of Banamine (Flunixin meglumine, Merck Animal
Health, Summit, NJ). If any animal was non-responsive to
earlier treatment, a second or third treatment was given.
Any animal that did not respond to the medication after the
third treatment was defined as chronic and removed from the
study. The percentage of animals treated for sickness during
the entire period was calculated for each treatment and no
steer was identified as a chronic nonresponder.

Blood Sample Collection

Two sets of blood samples (10 mL each) were taken from
each steer before the morning feeding on d 0, 14, 21, 28, and
35. The blood samples were taken from the coccygeal vessels
into tubes containing sodium heparin (Vacutainer, Becton
Dickinson, Franklin Lakes, NJ). The blood tubes were placed
on ice immediately after collection, and a sub-sample of the
whole blood (approximately 500 pL) was transferred into
RNA-protect tube (cat. no. 76554; Qiagen, Frederick, MD)
which contains a reagent that lyses blood cells and stabilizes
intracellular RNA. These samples were stored at -80 °C for
later RNA extraction. Thereafter, plasma samples were imme-
diately prepared from the remaining samples by centrifuga-
tion at 2,500 x g for 20 min at 4 °C and stored at -80 °C until
analyses for glucose, non-esterified fatty acids (NEFA), and
quantitative metabolome analysis. The second set of whole
blood was used for ex-vivo LPS-stimulated whole blood cy-
tokine production.

RNA Extraction and Immune Gene Analysis

Total RNA was extracted from the whole blood samples
collected on d 0, 14, 21, 28, and 35 using RNeasy Protect
Animal Blood kit (Catalog. No. 73224; Qiagen) following
the manufacturer’s instructions. Total RNA concentration
was measured using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA) with an A260:A280
ratio from 1.8 to 2.0 (Thermo Fisher Scientific, Waltham, MA)
and RNA integrity number (> 8.0) was verified using Agilent
2100 bioanalyzer (Agilent Technologies; Santa Clara, CA).
After evaluation of RNA concentration and quality, com-
plementary DNA was synthesized through reverse transcrip-
tion (RT) using the RT? First Strand Kit (Cat. No. 330401;
Qiagen) following the manufacturer’s instructions. The
mRNA expression of 84 genes related to innate and adaptive
immunity was determined using a RT? Profiler cow innate and
adaptive immune responses Polymerase chain reaction (PCR)
Array (PABT-052ZA; Qiagen). The PCR array contained 84
adaptive and innate immune-related genes, five housekeeping
genes (B-actin, hypoxanthine phosphoribosyltransferase 1,
glyceraldehyde-3-phosphate dehydrogenase, and tyrosine
3-monooxygenase, TATA box-binding protein), three RT,
three positive PCR controls, and one genomic DNA control
(Supplementary Table S1). Real-time PCR was performed
using a QuantStudio 5 Real-Time PCR System (Applied
Biosystems, Foster City, CA). The PCR cycling conditions
were as follows: 95 °C for 10 min, 40 cycles of denaturation
at 95°C for 15 s, and 60°C for 1 min.

Quantitative Metabolome Analysis Using Nuclear
Magnetic Resonance Spectroscopy

To assess the metabolic status of the beef steers, metabolome
analysis of plasma samples collected on d 0, 14,21,28,and 35
were performed using Nuclear Magnetic Resonance (NMR)
spectroscopy to quantify a total of 50 metabolites consisting
of amino acids, hexoses, organic acids, carnitines, and lipids
(Supplementary Table S2). Details of plasma sample prep-
aration and NMR spectral analysis have been published in
previous studies (Ogunade et al., 2018). Briefly, a deprotein-
ization step, involving ultrafiltration was initially performed
to remove macromolecules such as proteins and lipoproteins
(Psychogios et al., 2011). Subsequently, 160 pL of the sample
was mixed with 40 pL of a standard buffer solution (54%
D,0:46% 250 mM KH,PO,, pH 7.0). The plasma sample
(200 pL) was then transferred into 3 mm SampleJet NMR
tube for spectral analysis. All 'TH-NMR spectra were col-
lected using a 700 MHz Avance III (Bruker) spectrometer
equipped with a 5 mm HCN Z-gradient pulsed-field gradient
cryoprobe. The "TH-NMR spectra were processed and analyzed
using a Bayesil automated analysis software package, which
allows for qualitative and quantitative analysis of an NMR
spectrum (Ravanbakhsh et al., 2015). Further inspection and
verification were performed by an NMR spectroscopist to
reduce errors associated with compound identification and
quantification.

Glucose and NEFA Measurements

Plasma samples collected on d 0, 14, 21, 28, and 42 were
analyzed for NEFA and glucose concentrations in duplicate
using commercially available assays, NEFA-C kit (Wako
Diagnostics Inc., Richmond, VA), and quantitative colori-
metric kit (G7521-1L; Pointe Scientific Inc., Canton, MI), re-
spectively. The intra- and inter-assay coefficients of variation
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for glucose were 5.15% and 5.32%, respectively while those
for NEFA were 6.25% and 8.43%, respectively.

Ex-vivo LPS-Stimulated Whole Blood TNF-a
Production

Whole blood samples collected on d 0, 14, 21, 28, and 35
were subjected to an ex vivo cytokine release assay to esti-
mate the innate immunologic response to external stimuli
(Damsgaard et al., 2009; Ling et al., 2018). The whole blood
samples were stimulated with LPS (Escherichia coli 0111:
B4, Sigma Aldrich, St. Louis, MO) within 5 min of collection
in 5§ mL sterile, pyrogen-free tubes (SuperClear Centrifuge
Tubes; Labcon, Petaluma, CA) as described previously
(O’Boyle et al., 2006; Ling et al., 2018). Briefly, 3-mL aliquots
were stimulated for 3.5 h at 37 °C with 5 pg/mL of LPS or
endotoxin-free Dulbecco’s Modified Eagle Medium (Sigma
Aldrich) as a negative control. Immediately after incubation,
the samples were centrifuged at 1,500 x g for 10 min at 4
°C to harvest the plasma. Plasma samples were immediately
stored at -80 °C, and later analyzed in duplicate for TNF-a
concentrations using TNF-a Bovine assay kit (Raybiotech,
Peachtree Corners, GA) with a detection limit of 0.1 ng/mL.
The negative control samples were used to determine the basal
TNF-a concentrations. The inter- and intra-assay coefficients
of variation were 8.3 and 6.4%, respectively.

Data and Statistical Analysis

All growth performance and meal event data were analyzed
as a randomized block design using the GLIMMIX model of
SAS (SAS 9.3, SAS Inst. Inc., Cary, NC), using steer as the ex-
perimental unit. The model included the fixed effects of treat-
ment and the random effects of block (BW). Parameters such
as plasma TNF-a, glucose, and NEFA concentrations were
analyzed using repeated measures and tested for the effect of
treatment (CON vs. SYNB), day of collection, and the day x
treatment interaction. Day O data were used as covariates.
Appropriate covariance structures were used based on the
lowest akaike values (Wang and Goonewardene, 2004).
Results were considered significant if P < 0.05. Tendencies
were declared when 0.05 > P < 0.10. Cumulative number of
steers treated for BRD in each treatment group was calculated
and compared between CON and SYNB as a percentage of
the total number of animals in that group.

All mRNA expression data were analyzed separately for
each day using the Qiagen web-based platform, GeneGlobe
(https://geneglobe.qiagen.com). The comparative cycle
threshold (Ct) method was used for relative quantification of
gene expression (Pfaffl, 2001). Delta-delta-Ct (**Ct) method
with normalization of the raw data using the geometric mean
of the five housekeeping genes was used to calculate the
differences in mRNA expression of the genes between CON
and SYNB (Pfaffl, 2001). Stability of the reference genes was
confirmed using “Ct and NormFinder (Andersen et al., 2004;
Wan et al., 2017). The expression of genes with absolute fold
change (FC) > 2.0 having false discovery rate (FDR)-adjusted
(Benjamini and Hochberg, 1995) P-values < 0.05 were differ-
entially expressed.

Plasma metabolome data was used for quantitative enrich-
ment analysis using Metaboanalyst 5.0 software (Pang et al.,
2021; https://www.metaboanalyst.ca/) to assess the metabolic
pathways that were enriched by supplemental SYNB. Prior
to the quantitative enrichment analysis, the metabolome data
were log-transformed, pareto-scaled, and normalized using
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median-scale normalization. First, enrichment analysis of d 0
plasma metabolome data was performed using KEGG (Kyoto
Encyclopedia of Genes and Genomes) as the metabolite set
library to determine if there were any differentially enriched
(FDR < 0.05) pathways prior to feeding supplemental SYNB.
Thereafter, metabolome data from d 14, 21, 28, and 35 were
combined for quantitative pathway enrichment analysis.

RESULTS AND DISCUSSION

Actual average intake of the supplemental SYNB based on
average diet intake (as fed basis) and inclusion rate in the
TMR was 29.1 g/steer/d, therefore, average intake was ap-
proximately 103.9% of the targeted dose of 28 g/steer/d.
The effects of SYNB supplementation on the growth per-
formance and meal events of the steers are shown in Table 2.

Table 2. Growth performance, intake, health, and feeding behavior of
beef steers fed diet supplemented with a multicomponent dietary feed
additive containing prebiotics and probiotics during a 35-d receiving
period

CON SYNB SEM P

Initial weight, kg 206 205 5.79 0.90
Final weight, kg d 21 241 242 1.52 0.38
Final weight, kg d 35 256° 2632 2.01 0.01
Day 1-7

ADG, kg/d 1.52° 1.98¢ 0.24 0.05

DMI, kg/d 3.28¢% 3.540 0.13 0.05

AMD, min/d 105° 1252 7.41 0.01

AVGFREQ 15.6" 17.22 0.79 0.04

Day 1-21

ADG, kg/d 1.67 1.74 0.07 0.38

DMI, kg/d 4.43 4.48 0.13 0.72

AMD, min/d 108 126 8.08 0.02

AVGFREQ 16.9 17.6 0.60 0.22
Day 22-35

ADG, kg/d 1.13% 1.53¢ 0.11 0.01

DMI, kg/d 6.30 6.31 0.20 0.99

AMD, min/d 113 123 9.50 0.32

AVGFREQ 15.3 15.3 0.70 0.96
Day 1-35

ADG, kg/d 1.45° 1.65¢ 0.06 0.01

DML, kg/d 5.20 5.22 0.15 0.85

AMD, min/d 110 125« 8.42 0.08

Feed efficiency, gain:feed 0.28° 0.32¢ 0.01 0.01

ratio

% of steers treated for 50.0 35.0 NA NA

BRD

% of sick steers treated 45.0 7.15 NA NA

for BRD more than once

CON, control; SYNB, a multicomponent microbial feed additive
containing prebiotics and probiotics fed at 28 g/ steer/d (Purina Animal
Nutrition, Arden Hills, MN); SEM, standard error of mean; ADG, average
daily gain; DMI, dry matter intake; AMD, sum of the durations of meal
events recorded each day per steer; AVGFREQ, number of meal events
recorded each day per steer; NA, not analyzed.

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

x,yWithin a row, treatment means with different superscripts tend to differ,

0.05 < P <0.10.
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Compared with CON, dietary supplementation of SYNB
increased ADG (P = 0.05), DMI (P = 0.05), AVGFREQ
(P =0.04), and AMD (P = 0.01) during the first 7 d of the re-
ceiving period. Increased DMI, a reflection of increased meal
events (AVGFREQ and AMD), during the first few days of ar-
rival of newly weaned beef cattle is essential to alleviating the
stress associated with weaning and transportation, and the
consequent effects on health and performance of beef cattle.
Low nutrient intake during the first few days of the receiving
period compromises the immune function and health of
beef cattle which makes them more susceptible to infections
(Bernhard et al., 2012). The fact that supplemental SYNB
increased the DMI and ADG of the beef steers during the first
7 d of arrival is suggestive of improved health. Earlier studies
have demonstrated that the benefits of feeding S. cerevisiae-
based products in animals are more pronounced under stress
conditions and are mediated via improved gastrointestinal
health which supports increased nutrient intake and utiliza-
tion (Salinas-Chavira et al., 2017; Oh et al., 2019; Ogunade
et al., 2019). In addition, supplemental SYNB contained fer-
mentation products of S. cerevisiae, E. lactis, B. subtilis, and
B. licheniformis such as B-vitamins, amino acids, nucleotides,
lipids, and organic acids that can help improve microbial
growth by stabilizing the rumen environment or can directly
stimulate appetite in stressed cattle (Cruz Ramos et al., 2000;
Lauriault et al., 1990). Like these results, several studies have
reported improved DMI and ADG of beef cattle during the
first few days of feeding supplemental DFM (Elam et al. 2003;
Baah et al., 2009; Adeyemi et al., 2019).

During the first 21 d of the receiving period, there was no
treatment effect on final BW (P = 0.38), DMI (P = 0.72), ADG
(P =0.38),and AVGFREQ (P = 0.22); however, beef steers fed
supplemental SYNB had greater (P = 0.02) AMD compared
to CON (Table 2). During 14 d after removal of SYNB from
the diet (d 22-35), beef cattle fed supplemental SYNB (in the
first 21 d) had greater (P = 0.01) ADG than steers fed CON,
indicating that the positive effects of supplemental SYNB on
growth performance of the beef steer were still evident up to
14 d after removing the additive from the diet. Over the entire
35-d receiving period, beef steers fed supplemental SYNB had
greater (P = 0.01) ADG and feed efficiency, tended to have
greater (P = 0.08) AMD, and had a lower percentage (35 vs.
50%) of animals treated for BRD and lower percentage of
BRD retreatment events (7.15 vs. 45%) compared to CON.
The observation of fewer SYNB calves exhibiting BRD and
fewer sick calves being retreated represents a substantial sav-
ings to the cattle industry.

Despite the inconsistency in performance response in
ruminants to DFMs across studies, the mechanisms of ac-
tion by which certain S. cerevisiae based-microbial products
improve the health and productivity of ruminants have been
proposed as modulating rumen fermentation and metabolism
which can directly or indirectly influence host metabolism
and immune function (Newbold et al., 1996; McAllister et
al., 2011). In a previous study (Ogunade et al., 2020), we
evaluated the effects of supplemental SYNB on rumen fer-
mentation and the metabolome of beef cattle and observed an
altered ruminal bacterial community, increased total ruminal
VFA, and propionate concentrations, and improved energy
status of the beef cattle fed a diet supplemented with the addi-
tive. Certain strains of S. cerevisiae are known to favor micro-
bial growth and promote the activities of ruminal bacteria that
metabolize lactate to propionate (Nagaraja and Titgemeyer,

2007; McAllister et al., 2011). VFAs are the major energy
source that supplies up to 70% of the energy requirement for
the maintenance and growth of ruminants (Bergman, 1990;
Oba and Allen, 2003). The effects of supplemental SYNB on
rumen fermentation and energy status reported in our pre-
vious study (Ogunade et al., 2020) support the improved
growth performance and health of the beef steers observed in
this current study. Consistent with our results, a meta-analytic
study that examined the effects of S. cerevisiae and its fermen-
tation product reported improved ADG of beef cattle during
the receiving period (Wagner et al., 2016).

The effects of SYNB supplementation on plasma glucose
and NEFA of the beef steers are shown in Table 3. Compared
to CON, beef steers fed supplemental SYNB had greater
(P = 0.01) plasma glucose concentration, however, no treat-
ment effect was detected for NEFA concentration (P =
0.28). Several studies have demonstrated that S. cerevisiae-
based products increase the relative abundance and activity
of lactate-utilizing and cellulolytic bacteria in the rumen
which promotes fiber digestion, stabilizes rumen pH, and
consequently improves feed utilization (Zhu et al., 2017;
Kumprechtova et al.,, 2019; Ogunade et al., 2020). Such
effects modify rumen fermentation towards increased total
VFA, acetate, or propionate concentrations in both beef and
dairy cattle, thus providing increased availability of substrates
for glucose synthesis. The fact that plasma NEFA concentra-
tion was unaffected suggests that the diet fed in this study met
the energy requirement of the beef steers.

The effects of SYNB supplementation on mRNA expres-
sion of 84 innate and adaptive immune genes in whole blood
of the beef steers are presented in Supplementary Table S3.
Out of the 84 immune-related genes analyzed, no genes were
differentially expressed (FC < (=)2.0 and/or FDR > 0.05) on d
0. The mRNA expression of 2, 2, and 7 genes were differen-
tially expressed (FC > (-)2; FDR < 0.05) on d 14, 21, and 28,
respectively; however, no genes were differentially expressed
on d 35 (Table 4). On d 14, the mRNA expression of CXCLS8
and IRF7 were downregulated (FC > 2; FDR < 0.05) in beef
steers fed supplemental SYNB compared to CON. CXCLS,
also known as Interleukin-8, is a proinflammatory cytokine
and is known to be a key mediator associated with infection
where it plays a major role in neutrophil recruitment to the
area of inflammation (Ha et al., 2017). In fact, CXCLS is
known to be a reliable inflammatory stress marker for var-
ious disease conditions in animals and humans (Hashmi and
Zeng, 2006; Gelaleti et al., 2012; Ha et al., 2017). IRF7 is
a transcription factor that is activated by multiple pattern-
recognition receptors during inflammation and/or patho-
genic infections leading to production of pro-inflammatory

Table 3. Effects of a multicomponent dietary feed additive containing
prebiotics and probiotics on energy status of newly weaned beef steers
during a 35-d receiving period

Item CON SYNB SEM P

Treatment Treatment x day

Glucose, mg/dL 84.0 87.1 1.17 0.01 0.22
NEFA, mEq/L 0.16 0.17 0.009 0.28 0.43

CON, control; SYNB, a multicomponent microbial feed additive
containing prebiotics and probiotics fed at 28 g/steer/d (Purina Animal
Nutrition, Arden Hills, MN).
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Table 4. Effects of a multicomponent dietary feed additive containing
prebiotics and probiotics on whole-blood immune gene expression in
beef steers during a 35-d receiving period

Gene Name Fold change FDR
Day 14
CXCLS8 Interleukin 8 -2.14 0.02
IRF7 Interferon regulatory -3.09 0.01
factor 7
Day 21
iL10 Interleukin 10 2.27 0.01
MBIL2 Mannose-binding lectin 18.62 0.04
(protein C) 2, soluble
Day 28
BOLA-A Major histocompatibility 2.01 0.01
complex, class I, A-A
CCRS8 Chemokine (C-C motif) -2.24 0.01
receptor 8§
CD4 CD4 molecule 2.08 0.01
DDX58 DEAD (Asp-Glu-Ala-Asp) 2.17 0.01
box polypeptide 58
IFNAR1 Interferon (alpha, beta,and ~ 2.21 0.02
omega) receptor 1
TLR2 Toll-like receptor 2 -2.56 0.04
IRAK1 Interleukin-1 receptor- 3.05 0.01

associated kinase 1

CON, control; SYNB, a multicomponent microbial feed additive
containing prebiotics and probiotics fed at 28 g/steer/d (Purina Animal
Nutrition, Arden Hills, MN); FDR, false discovery rate.

Fold change (relative to control) = 2-2% = [(CT
- (CTgene of interest | CTref ence genes )cox]'

P-values are calculated based on a Student’s #-test.

Only genes with both absolute fold change > 2, relative to CON, and FDR
<0.05 are shown.

No differentially expressed genes were observed on days 0 and 335.

gene of interest reference gcl\c<>SYNB

cytokines (Broz and Monack, 2013). Stressors encountered
during feedlot receiving, including vaccination and transpor-
tation, can elicit an inflammatory response which has nega-
tive impacts on health and performance of beef cattle because
more nutrients are prioritized towards fueling the immune
cells to fight inflammation (Arthington et al., 2013; Marques
et al., 2016). Thus, decreased mRNA expression of CXCL8
and IRF7, which are often considered inflammatory markers,
in beef steers fed supplemental SYNB compared to CON,
suggests that CON steers were still experiencing inflamma-
tory stress at d 14 but feeding supplemental SYNB abated
this stress.

On d 21, the mRNA expression of iL-10 and MBL-2 was
upregulated (FC > 2; FDR < 0.05) in beef steers fed supple-
mental SYNB compared to CON. Interleukin-10 is an an-
ti-inflammatory cytokine that is produced by immune cells
to counteract damage caused by excessive inflammation
by suppressing the production of inflammatory mediators,
thereby maintaining normal tissue homeostasis (Iyer and
Cheng, 2012). The MBL-2 gene encodes a mannose-binding
lectin, a soluble C-type lectin that is secreted by the liver as
part of the acute-phase response and component of the in-
nate immune system (Dommett et al., 2006). The MBL is a
pattern recognition molecule, specific for a broad spectrum
of ligands including cell wall components (such as mannose)
of S. cerevisiae and is known to regulate inflammatory signals
mediated by microbial pathogens (Wolf and Underhill, 2018).
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Earlier studies have shown that MBL binding can inhibit pro-
duction of LPS-induced inflammatory cytokines, TNF-a, and
interferon-gamma (IFN-y) and promote IL-10 production
in natural killer cells (McDonald et al., 2005; Zhou et al.,
2019), which explains increased expression of i[.-10 in beef
steers fed supplemental SYNB in this study. Taken together,
increased mRNA expression of iL-10 and MBL-2 in beef
steers fed supplemental SYNB suggests that these animals had
a better ability than CON to quickly recognize and mount
an efficient defense against invading microbial pathogens
without undergoing inflammatory stress. Like our results,
Deters et al. (2018) observed reduced serum concentration
of iL-8, an inflammatory marker, in newly weaned steers fed
a S. cerevisiae fermentation product following a vaccination
challenge. Similar studies in dairy cows (Li et al., 2016) and
mice (Evans et al., 2012) reported reduced blood concentra-
tion of inflammatory marker such as IFN-vy in those fed diet
supplemented with S. cerevisiae and its fermentation products
relative to the control.

On d 28 (7 d after withdrawing the additive from the diet),
the mRNA expression of BOLA-A, CD4, DDX58, IFNARI,
and IRAK1 were upregulated (FC > 2; FDR < 0.05) in beef
steers fed supplemental SYNB compared to CON. BOLA-A
is one of the major histocompatibility complex (MHC)
molecules that are involved in fine-tuning both innate and
adaptive immune responses. MHC molecules play an essen-
tial role in the presentation of foreign antigens, including
intracellular pathogen such as a virus, which is a critical
step in activation of T cells (ten Broeke et al., 2013). The
CD4 gene encodes the integral membrane glycoprotein that
plays an essential role in the immune response and serves
multiple functions including acting as a co-receptor with
T-cell receptor and activation of T-helper cells (Luckheeram
et al.,, 2012). Asp-Glu-Ala-Asp (DEAD) box polypeptide
58 (DDXS58) acts as a cytoplasmic sensor of viral nucleic
acids and infections, thereby activating a cascade of anti-
viral responses including the induction of type I interferons
(IFNAR1), which explains the increased mRNA expression
of interferon receptor 1 gene observed in this study. Type
I interferons are a family of cytokines that have both pro-
and anti-inflammatory effects (Kole et al., 2013). For in-
stance, [FN-1 can drive the production of anti-inflammatory
cytokines, including IL-10 and can inhibit the secretion of
IL-1B by blocking inflammasome activation (Guarda et al.,
2011). In contrast, mRNA expression of CCR8 and TLR-2
was downregulated in beef steers fed supplemental SYNB.
CCRS is one of the several receptors for chemokines that or-
chestrate the movement of leukocytes to the sites of infection
or inflammation (Zweemer et al., 2014), suggesting that its
downregulation was due to reduced inflammation or infec-
tion in these animals. Toll-like receptors play a crucial role in
the recognition of microbial pathogens (Takeda et al., 2003;
Kawai and Akira, 2007) and TLR-2 is known to be the major
receptor for molecular patterns of gram-positive bacteria
and several other microbial components (Turner, 2003). The
mechanism for downregulation of the TLR-2 gene in beef
steers fed supplemental SYNB may be partially explained by
Xu et al. (2012). Those authors reported attenuated TLR-
triggered inflammatory responses via reverse signaling by
MHC class I molecules such as BOLA-A, whose mRNA ex-
pression was upregulated in this study. These results suggest
that supplemental SYNB was still effective at modulating the
expression of immune genes of the beef steers 7 days after
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Figure 1. Effects of a multicomponent dietary feed additive containing prebiotics and probiotics on plasma concentration of TNF-a following ex-vivo LPS
challenge in beef steers on different days during a 35-d receiving period. Values from d 0 were used as independent covariate for each day. Treatment:
P =0.03, SE = 0.06. Treatment x day interaction: P = 0.49, SE = 0.09. Within days: *P < 0.05. CON, control; SYNB, a multicomponent microbial feed
additive containing prebiotics and probiotics fed at 28 g/steer/d (Purina Animal Nutrition, Arden Hills, MN).

its withdrawal from diet. Immune gene expression was not
(FC < —(2); FDR > 0.05) different on d 35 (14 days after
SYNB withdrawal), indicating that SYNB elicited a positive
immune response for at least 7 days after withdrawal from
the diet but that benefit ended by 14 days after withdrawal.
Taken together, our results suggest that beef steers fed sup-
plemental SYNB had better immune mechanism of pro-
tection against infections, which explains their lower BRD
morbidity, compared to CON steers. It is important to note
that unlike several previous studies (Burdick Sanchez et al.,
2014; Fink et al., 2014), these animals were not artificially
challenged with pathogens or toxins, suggesting that the
effects observed in this study represent the response to their
natural environmental stressors.

To assess inflammatory response of the animals when
experimentally challenged with pathogenic bacteria, we
analyzed TNF-a concentration in plasma of the beef steers
after ex-vivo whole blood stimulation with LPS. There was no
difference in basal TNF- a concentration between treatments
(P = 0.63; data not reported). The plasma concentration of
TNF-a after LPS stimulation was lower (P = 0.01) only on
d 21 in beef steers fed supplemental SYNB, compared to
CON (Figure 1). When analyzed over the course of the 35-d
receiving period, beef steers fed supplemental SYNB had
lower (P = 0.03) plasma concentration of TNF-a after LPS
stimulation, relative to CON (Figure 2). Gram-negative bac-
terial pathogens are the major causative agents of systemic
infections and inflammation in animals (Zeng et al., 2017).
LPS, the main component of gram-negative bacterial cell wall,
is well documented as an inducer of inflammation because
it can be easily recognized and bound by the pattern recog-
nition receptor of the immune system which triggers the re-
lease of potent chemical mediators such as proinflammatory
cytokines, including TNF-a (Kawai and Akira, 2007).
Exuberant production of TNF-a during infection can cause
fever, inflammation, tissue damage, and sometimes death
(Muchamuel et al., 1997). Increased production of TNF-a. is
known to be inhibited by early and sustained expression of
IL-10 and the balance between these two cytokines is essen-
tial for maintaining immune homeostasis (Stenvinkel et al.,
2005). Therefore, reduced level of TNF-a after stimulation
with LPS in plasma of beef steers fed supplemental SYNB may
be due to increased mRNA expression of iL-10 and MBL-2

TNF-o concentration
0.25

0.20

0.10

0.05

Plasma concentration (ng/mL)

0.00
CON SYNB

Treatment

Figure 2. Effects of a multicomponent dietary feed additive containing
prebiotics and probiotics on plasma concentration of TNF« following
ex-vivo LPS challenge in beef steers during a 35-d receiving period.
Treatment: P = 0.03, SE = 0.06.CON, control; SYNB, a multicomponent
microbial feed additive containing prebiotics and probiotics fed at 28 g/
steer/d (Purina Animal Nutrition, Arden Hills, MN).

observed in these animals on d 21, which indicates the protec-
tive effect of supplemental SYNB against LPS-induced inflam-
matory stress or tissue damage, suggesting improved immune
response to disease. In agreement with our results, Burdick
Sanchez et al. (2020) observed attenuated sickness behavior
and reduced serum TNF-a from 1 to 2 h post LPS challenge
in newly weaned beef steers fed S. cerevisiae fermentation
product (Burdick Sanchez et al., 2020). In addition, Carroll
et al. (2010) observed reduced inflammatory responses to LPS
challenge in beef calves supplemented with live S. cerevisiae.
Results of quantitative metabolic pathway enrichment
analysis revealed that no differentially enriched pathways
were detected on d 0 (Supplementary Table S4) indicating
similar host metabolism of the beef steers prior to feeding
supplemental SYNB. Six (6) metabolic pathways (starch
and sucrose metabolism, neomycin, kanamycin and genta-
micin biosynthesis, glutamine and glutamate metabolism,
nitrogen metabolism, glycolysis/gluconeogenesis, and pyru-
vate metabolism) were enriched (FDR < 0.05) in beef steers
fed supplemental SYNB compared to CON over the 35-d
receiving period (Table 5; Figure 3). Starch and sucrose me-
tabolism, glycolysis, and pyruvate metabolism are pathways
that catabolize glucose and other hexoses to produce energy
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directly as ATP, and indirectly as pyruvate and NADH while
gluconeogenesis replenishes glucose from noncarbohydrate
metabolites (Wiinschiers, 2012). Glucokinase, an enzyme that
catalyzes glucose phosphorylation, the first rate-limiting step
in glucose metabolism, is also involved in neomycin, kana-
mycin, and gentamicin biosynthetic pathways. Enrichment of

Table 5. Quantitative pathway enrichment analysis of beef steers fed diet
supplemented with a multicomponent dietary feed additive containing
prebiotics and probiotics

Enriched metabolic Enrichment P FDR
pathway® ratio

Starch and sucrose metab- 8.48 0.0035 0.01
olism

Neomycin, kanamycin, and 8.48 0.0035 0.01

gentamicin biosynthesis

Glutamine and glutamate 4.79 0.0042 0.04
metabolism

Nitrogen metabolism 5.58 0.0048 0.04
Glycolysis/gluconeogenesis 5.96 0.0056 0.03
Pyruvate metabolism 5.96 0.0056 0.04

“Enriched pathway relative to control.
Only pathway with false discovery rate (FDR) < 0.05 are shown.
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these pathways in beef steers fed supplemental SYNB suggests
improved energy metabolism and utilization which supports
their better growth performance and health compared to
CON. Ruminants have low capacity to synthesize glutamine;
however, certain strains of S. cerevisiae possess glutamine
synthase that plays a significant role in central nitrogen me-
tabolism (Guillamon et al.,2001), and may be a constituent of
the fermentation products contained in supplemental SYNB.
This probably explains the enrichment of nitrogen and glu-
tamine/glutamate metabolic pathways observed in this study.
Glutamine is considered non-essential amino acid under
normal physiological condition; however, immune-regulatory
and anti-inflammatory properties of glutamine have been
reported during inflammatory conditions such as infection,
stress, and injury (Su et al.; 2021). It has been demonstrated
that glutamine is equally as important as glucose as an oxida-
tive fuel for the maintenance of gut and immune cell function
(Newsholme et al., 2003). Though no studies in ruminants
are currently available, studies in mice demonstrated that glu-
tamine could modulate a balanced T helper cell polarization
which is associated with attenuating inflammation and tissue
injury (Hu et al., 2018; Hou et al., 2019). The fact that glu-
tamine/glutamate metabolism was enriched in beef steers fed
supplemental SYNB, coupled with the results of the immune
gene expression, suggests better health and immune status of
these animals compared to CON.
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Figure 3. Quantitative pathway enrichment analysis showing the top 25 enriched metabolic pathways in beef steers fed diet supplemented with a

multicomponent dietary feed additive containing prebiotics and probiotics.
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CONCLUSION

Feeding SYNB to newly weaned beef steers improved the
DMI, growth performance, and meal events during the first
7 d of the receiving period. Over the course of the 35-d
receiving period, feeding supplemental SYNB during the
first 21 d of arrival reduced BRD morbidity and improved
the growth performance and feed efficiency of the beef
steers. Although SYNB was removed on day 21, its effects
persisted to positively influence health after removal from
the diet. These benefits of SYNB can be partially attributed
to a reduction in inflammatory stress as evidenced by a
reduction in mRNA expression of inflammatory markers
with a concomitant increase in mRNA expression of an-
ti-inflammatory markers. Finally, improved nutrient me-
tabolism of SYNB steers evidenced by enrichment of starch
and sucrose metabolism, neomycin, kanamycin and genta-
micin biosynthesis, glutamine and glutamate metabolism,
nitrogen metabolism, glycolysis/gluconeogenesis, and pyru-
vate metabolism supports immune function and phenotypic
performance.

Supplementary Data

Supplementary data are available at Translational Animal
Science online.
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