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This study evaluated the effects of different combinations of yeast products and
antimicrobials during adaptation to high-grain feedlot diets on performance,
feeding behavior, carcass traits, and the serum metabolome of feedlot Nellore
bulls. One hundred twenty Nellore bulls were divided into two body weight
groups and assigned within groups to 24 pens. The following dietary treatments
were applied: MVY: monensin at 18 mg/kg of dry matter (DM) + virginiamycin at
15 mg/kg of DM + live yeast at 2 g/animal/day; NLY: narasin at 13 mg/kg of DM +
live yeast at 2 g/animal/day; NYC: narasin at 13 mg/kg of DM + yeast culture at 7
g/animal/day; NDY: narasin at 13 mg/kg of DM + active dry yeast at 1 g/animal/
day. Treatments were administered during the grain adaptation period (d1-d21).
Blood samples were collected at the end of the grain adaptation period for serum
metabolome profiling. During the 21-day grain adaptation period, bulls fed NYC
tended (P = 0.09) to have a greater average daily gain than bulls fed MVY. Dry
matter intake (DMI), final body weight, and feed efficiency were similar (P > 0.05)
among treatments. During the finishing period, bulls fed NLY had a lower (P =
0.04) DMI as a percentage of body weight than bulls receiving MVY. There were
no treatment effects (P > 0.05) on the carcass traits. Bulls fed NDY spent more
time resting (P = 0.03) and tended (P < 0.10) to have fewer meals per day and
greater DMI per meal than animals fed MVY. Lactate was the most important
serum metabolite for discriminating all treatment groups, with a higher
concentration in the MVY group. The three most important metabolites for
discriminating the MVY and NLY groups were lactate, creatine, and valine, whose
concentrations were higher in the MVY group. The three most important
metabolites for discriminating MVY and NYC were 3-phenylpropionate,
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hippurate, and betaine, whose concentrations were higher in the NYC group.
Thus, narasin can replace the combination of monensin and virginiamycin in
high-grain adaptation diets for Nellore bulls when administered together with
yeast products, with the NYC combination showing great potential.
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1 Introduction

The adaptation of feedlot cattle to high-concentrate diets is a
crucial period; the optimization of dry matter intake (DMI) and
weight gain during this period significantly influences overall animal
performance (Brown et al, 2006; Silvestre et al., 2023). Hence,
implementing dietary strategies that maximize DMI and average
daily gain (ADG) during this period is important. As demonstrated
by Silvestre et al. (2023), feed additives play a crucial role in
modulating ruminal and post-ruminal fermentation, consequently
impacting DMI, ADG, and feed efficiency. This fact highlights the
importance of feed additives as key components of adaptation diets.

The ionophore sodium monensin (MON) is the feed additive
most widely used in American and Brazilian feedlot operations
(Samuelson et al., 20165 Silvestre and Millen, 2021). The impact of
MON on gram-positive bacteria significantly alters ruminal
fermentation and consequently the host’s metabolism (Russell and
Strobel, 1989; Nagaraja, 2007). It is well established that MON
increases ADG while decreasing DMI, thereby improving feed
efficiency (Tedeschi et al., 2003; Duffield et al., 2012). Despite these
general findings, the effect of MON on animal performance will vary
depending on the dose used of this additive, the stage within the
feedlot cycle, and combinations with other feed additives. According
to Burrin et al. (1988), DMI decreases linearly with increasing MON
inclusion level during the grain adaptation period. Furthermore,
increasing MON intake during grain adaptation tends to decrease
gain throughout the finishing period. Additionally, the combined use
of MON and virginiamycin (VM) in high-grain adaptation diets has
shown a positive effect on overall feedlot performance compared to
exclusive MON supplementation (Rigueiro et al., 2020).

Another ionophore that has been studied in cattle is narasin
(NAR). Although the mechanism of action of NAR is similar to that
of MON, an in vitro study demonstrated that NAR is more effective
in increasing ruminal propionate production and in controlling
lactic acid concentration (Nagaraja et al., 1987). The inclusion of
NAR in high-forage diets improves ruminal propionate production
without altering DMI (Polizel et al, 2020; Limede et al., 2021).
Additionally, feeding NAR at 13 mg/kg of dry matter (DM) during
the grain adaptation of feedlot cattle improves DMI compared to
MON at 25 mg/kg of DM (Baggio et al., 2023).

Although the effects of yeast product supplementation on
feedlot cattle performance are inconsistent due to the high
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variability among products, these feed additives show promising
benefits, particularly in high-fiber diets (Crossland et al,
2019).Yeast products such as live yeast, yeast cell wall and yeast
culture can be classified as prebiotic, probiotic or postbiotic,
respectively (Scarpellini et al., 2021). The potential of these feed
additives is primarily related to their ability to stimulate the growth
of rumen cellulolytic and lactate-utilizing bacteria; however, their
effectiveness depends on the product type, strain, and dose
(Chaucheyras et al., 1996; Callaway and Martin, 1997). Thus,
different yeast products were tested in combination with
antimicrobials to identify the most effective combination.

Metabolomics is an emerging powerful tool in omics science
that, coupled with multivariate analysis, has enabled comprehensive
metabolic exploration of animals, plants, and microbes over the past
decade (Goldansaz et al., 2017). Metabolites are the end products of
complex reactions that are regulated by genomic and environmental
factors and are therefore sensitive indicators of nutritional
modulation (Goldansaz et al., 2017; Consolo et al., 2020).

Given the complementary benefits of NAR, which does not limit
feed intake, and yeast products, which have the potential to enhance
fiber digestion, their potential synergistic effects should be
investigated to improve animal performance during the challenging
grain adaptation period. The effects of the combination of MON and
VM in diets for feedlot cattle are well-documented in the literature
(Rigueiro et al., 2020; Ceconi et al., 2022; Estrada-Angulo et al., 2022)
but few studies have investigated the effect of combining
antimicrobials and yeast products in adaptation diets for Bos
indicus cattle. Within this context, the current study aimed to
evaluate the effects of different combinations of MON, VM, and
NAR with yeast products in high-grain adaptation diets on feedlot
performance, carcass traits, and feeding behavior, as well as to use the
serum metabolome to further understand phenotypic outcomes in
Nellore cattle.

2 Material and methods
2.1 Animals and treatments
All animal procedures were approved by the Animal Use Ethics

Committee (CEUA - protocol 0585/2023) of the Sio Paulo State
University, on February 9, 2024.
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A total of 120 Nellore bulls with an average initial body weight
(BW) of 386.89 + 16.73 kg and age of 22 to 24 months were used in
this experiment conducted at the School of Veterinary Medicine and
Animal Science, Sao Paulo State University, Botucatu, Sao Paulo,
Brazil. Upon arrival at the feedlot, the animals were treated for endo-
and ectoparasites (Dectomax, Zoetis, SP, Brazil; TopLine, Boehringer
Ingelheim, SP, Brazil), clostridiosis (Fortress 7; Zoetis, SP, Brazil),
bovine infectious rhinotracheitis, and bovine viral diseases (Bovi-
Shield Gold One Shot, Zoetis, SP, Brazil) and were ear-tagged.
During the first seven days before the start of the trial, the animals
were fed corn silage ad libitum to acclimate to the facilities and
feeding management. On d0, bulls were weighed to determine the
initial BW, which was used to divide the animals into two blocks
(light and heavy). Bulls were randomly assigned to 24 pens (5 x 5.35
m; 5 bulls/pen) equipped with automatic waterers and feed bunks,
providing 1 m of bunk space per bull. Pens within blocks were
randomly allocated to one of the following four treatments: MVY:
MON at 18 mg/kg of DM (Rumensin 100, Elanco Brazil, Sdo Paulo,
SP, Brazil) + VM at 15 mg/kg of DM (V-Max, Phibro Animal Health
Corporation, Guarulhos, SP, Brazil) + live yeast at 2 g/animal/day
(Saccharomyces cerevisiae strain NCYC 996 Procreatin-7, Phileo
Lesaffre Animal Care, Campinas, SP, Brazil); NLY: narasin at 13
mg/kg of DM (Zimprova 100, Elanco Brazil, Sdo Paulo, SP, Brazil) +
live yeast at 2 g/animal/day; NYC: narasin at 13 mg/kg of DM + yeast
culture at 7 g/animal/day (Postbiotic, XPC-Ultra®, Diamond V,
Cedar Rapids, IA) (for composition, see Supplementary Table S2);
NDY: narasin at 13 mg/kg of DM + active dry yeast at 1 g/animal/
day (Saccharomyces cerevisiae boulardii strain CNCM I-
1079, ProTernative®
Quebec, Canada). The treatments were added to the mineral-

, Lallemand Animal Nutrition, Montreal,

vitamin supplement.

Dietary treatments were provided only during the grain
adaptation period (d1 - d21) and through transition (d22 - d33)
and finishing (d34 - d115) all animals were fed the same diets, with
the inclusion of MON at 28 mg/kg of DM. The experiment lasted
115 days.

2.2 Diets and feeding management

The animals were fed ad libitum, twice daily at 9:00 and 15:00
hours, providing equal amounts on each occasion. The daily
adjustment of dietary supply was based on the DMI of the
previous days, targeting refusal levels at 3-5%. The orts were
removed daily, weighed, sampled by pen weekly, and dried
(100°C for 24 h) for the determination of DMI. Feed samples
were collected weekly, stored at —18°C, and composited at the end
of the trial for nutrient analysis (Table 1).

Feed samples were dried in a forced-air oven at 60°C for 72 h,
grounded in a Willey mill (1-mm screen), and analyzed for
moisture (# 934.01), crude protein (# 976.05, N * 6.25), ash (#
942.05), and ether extract (# 920.39) (AOAC, 2005). Neutral
detergent fiber (NDF) was analyzed according to Mertens (2002),
adding heat-stable o-amylase and sodium sulfite. Additionally,
NDF content was adjusted for ash.
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2.3 Performance and carcass traits

Bulls were weighed at the beginning of the experiment (d0), at
the end of the adaptation period (d22), and at the end of the trial
(d116), following a 16-h fasting period. Thus, feedlot performance
and DMI were reported for the adaptation, finishing, and total
periods. To calculate the observed dietary net energy (NE) of the
adaptation period, net energy requirements for gain (NEg) and for
maintenance (NEm) were estimated according to the equations
proposed for Bos indicus bulls by Chizzotti et al. (2008). The
observed dietary NE was then calculated as described by Zinn
and Shen (1998).

On d105, fat thickness at the 12 rib, Biceps femoris (BF) fat
thickness, and ribeye area (REA) were measured using an Aloka
SSD-1100 Flexus RTU ultrasound unit (Aloka, Tokyo, Japan)
equipped with a 3.5-MHz probe (17.2 cm), as described by
Pinheiro et al. (2011). Images were digitized and analyzed by an
experienced technician using the Echo Image Viewer 1.0 software
(Pie Medical Equipment B.V., Maastricht, The Netherlands). At the
end of the experiment, the animals were shipped to a commercial
slaughterhouse (~500 km). On the following day, bulls were
stunned by brain concussion using a captive dart gun and the hot
carcass weight (HCW) was obtained from all animals after hide
removal and evisceration. Carcass daily gain (CDG) was calculated
using the following equation: CDG = (final HCW - (initial BW x
50%))/experimental period (115 days). The dressing percentage was
calculated by dividing HCW by final BW.

2.4 Feeding behavior

Bulls were visually observed on d7 and d19 of the adaptation
period to evaluate feeding behavior. The observations were
conducted at fixed intervals (instantaneous sampling) of 5
minutes over 24 h (Altmann, 1974). The following behavioral
categories were recorded according to Robles et al. (2007): eating,
ruminating, and resting. The number of meals was calculated from
eating behavior data, using criteria to define them based on the
minimum time required to consider two periods of eating activity as
separate events. The DMI per meal was calculated by dividing the
total DMI by the number of meals. The meal length (minutes per
day) was calculated by dividing the total time spent eating by the
number of meals. Feed and orts were sampled for NDF analysis as
previously described to calculate the eating and rumination rates of
DM and NDF according to Nichues et al. (2022).

2.5 Blood sample collection and
preparation for metabolomic analyses

Blood samples were collected once at the end of the adaptation
period (d22) from 40 randomly chosen bulls: 20 per block and 10
per treatment group. Approximately 10 mL of blood was sampled
by puncture of the coccygeal blood vessels into evacuated tubes
without anticoagulant (BD Vacutainer, Sdo Paulo, SP, Brazil). The
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TABLE 1 Composition (%, dry mater basis) of the experimental diets.
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Experimental diet*

Adaptation Trans. 1 Trans. 2 Finishing

Days on feed 21 4 4 4 82
Sugarcane bagasse 15.60 23.54 18.51 13.38 12.00
Corn silage 24.97 - - - -
Ground corn 18.31 28.40 38.70 50.74 51.05
Citrus pulp 12.30 20.01 17.35 13.06 1591
DDGS? 25.43 25.27 2241 19.43 17.63
Supplement3 3.39 2.78 3.03 3.39 3.39
Potassium chloride - - - - 0.02
Nutrient composition

Crude protein % 14.50 14.30 14.00 13.75 12.80
Ether extract, % 4.01 4.15 4.15 4.14 4.04
Neutral detergent fiber, % 38.45 34.86 32.16 32.00 29.23
Ash, % 6.19 6.29 6.05 5.80 5.54
NEm, Mcal/kg* 1.72 1.79 1.86 1.94 1.96
NEg, Mcal/kg* 111 1.16 123 1.30 1.31

"Trans.: transition diet, formulated according to NASEM (2016).
*Dried distillers grains with solubles.

*Composition (dry matter basis): 15% Ca; 1.9% S; 1.5% Mg; 4.5% Na; 1.6% P; 1,715 ppm Zn; 1,285 ppm Mn; 428 ppm Cu; 21 ppm I; 5.7 ppm Se; 8.5 ppm Co; 285 ppm Fe; 86,000 IU vitamin A;

115,000 IU vitamin D3; 105 IU vitamin E; 17% urea.

“Computed from total digestible nutrients using empirical equations as adopted by NASEM (2016). NEm, net energy for maintenance; NEg, net energy for gain.

tubes were placed on ice, transported to the laboratory within 30
min of sampling, and centrifuged at 2000xg for 15 min at 4°C. The
supernatant (serum) was transferred to labeled plastic tubes and
stored at —80°C until analysis.

Prior to nuclear magnetic resonance spectroscopy (‘H-NMR),
samples were processed to remove serum proteins. Ultra-15
centrifugal filter units (3-kDa cutoft, Amicon, Merck Millipore
Ltd., Ireland) were rinsed five times each with 0.5 puL of Milli-Q
water, centrifuged at 13,000xg for 5 min at 4°C, and once with the
filter inverted at 7,500xg for 1 min to eliminate any residue of
glycerol bound to the filter membranes and Milli-Q water. Next, 500
pL of each serum sample was transferred to the washed filters
and centrifuged at 13,000xg for 30 min at 4°C to remove
macromolecules (primarily protein and lipoproteins). The filtered
content was then vacuum centrifuged and stored at —80°C.

2.6 Nuclear magnetic resonance
spectroscopy (*H-NMR)

On the day of '"H-NMR analysis, the dried residues were
solubilized in 550 pL of phosphate buffer (D,0O-based PBS; 0.1 M,
pH = 7.4) containing 0.5 mM of 3-(trimethylsilyl)-2,2’,3,3’-
tetradeuteropropionic acid (TMSP-d,) used as internal NMR
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standard. The solution of each sample was then transferred to a
standard 5-mm NMR tube for NMR measurements.

1D "H-NMR experiments were performed on a Bruker Avance
II 14.1 T spectrometer (Bruker Corporation, Karlsruhe, Baden
Wiirttemberg, Germany) fitted with a 5-mm Broadband Observe
(BBO) probe with ATMA® (Automatic Tuning Matching), a z-field
gradient, a BCU-I variable temperature unit, a field gradient
generator unit, and a Sample—XpressTM automatic sample changer.
Standard "H spectra were acquired at 298.15 K using a NOESY-1D
pulse sequence (named noesyprld in the TopSpin Bruker software),
with water signal suppression by irradiation at 2821.88 Hz (O1).
The acquisition parameters were as follows: number of scans (ns) of
256, spectral width (sw) of 12019 Hz (20.0276 ppm), 90° pulse (P1)
of 14.85 ps, acquisition time (aq) of 4.50 s, relaxation delay (d1) of 4
s, data points (TD) of 108170 (106 K), mixing time (d8) of 5 ms, and
dummy scans (ds) of 4.

Spectra were processed with line broadening of 0.3 Hz using the
TopSpinTM 3.6.1 software (Bruker BioSpin, Germany). Phase and
baseline corrections were performed manually using the Chenomix
NMR Suite 8.4 (Chenomix Inc., Edmonton, Canada). The
metabolites were manually identified in the 1D "H-NMR spectra
using the in-built compounds library on the Chenomix Profiler tool.
For metabolite quantitation, TMSP (signal at 0.00 ppm) was used as
the internal standard of known concentration (0.5 mM).
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2.7 Statistical analysis and bioinformatics

All phenotypic traits were analyzed using the SAS software (SAS
Institute Inc., Cary, NC). Residual normality was verified using the
Shapiro-Wilk test in PROC UNIVARIATE, and outliers were
identified based on externally studentized residuals (module) >
2.5. Homogeneity of variances was verified using the Box-Cox test.
Data that did not show a normal distribution (DMI adaptation,
12th rib fat, BF fat thickness) were transformed using PROC RANK
(SAS 9.4). The data were analyzed in a completely randomized
block design using the PROC MIXED, where the pen was the
experimental unit, treatments were the fixed effects, and block and
pen were random effects. The model can be written as:

Yijt = i+ Bi + Aj + Pt + eijt

where Y = dependent variable, 4 = overall mean, Bi = random
effect of block, Aj = random effect of pen, Pt = fixed effect of
treatment, and eijt = experimental error.

The results were reported as least square means (LSMEANS
statement). When significant main effects were identified, a post-hoc
Tukey test was applied to assess differences between means.
Significance was set as P < 0.05 and trends were considered at
0.05 < P <0.10.

Metabolomic data were analyzed using the R 4.4.0 software (R
Found., Vienna, Austria) and MetaboAnalyst 6.0. The metabolite
concentration data were uploaded to MetaboAnalyst and cubic
transformation and Pareto scaling were applied before analysis.
Supervised (partial least-squares discriminant analysis, PLS-DA)
data analysis was performed. The PLS-DA model was cross-
validated using the leave-one-out cross-validation method and the
performance measure ‘accuracy’. The variable importance in the
projection (VIP) plot was used to rank the metabolites based on
their importance in discriminating groups. Metabolites with the
highest VIP values are the most powerful group discriminators.
Typically, VIP values > 1 are significant and VIP values > 2 are
highly significant (Mehmood et al., 2012). Pathway analyses were
conducted on the metabolite quantification datasets according to
group using the Bos taurus library (KEGG). Given the exploratory
nature of this study, we classified pathways with a raw P < 0.1 as
being of high impact and interest.

3 Results
3.1 Intake, performance and carcass traits

During the 21-day adaptation period, bulls fed NYC tended
(P =0.09) to have a greater ADG (2.097 + 0.46 kg) than bulls fed
MVY (1.750 + 0.52 kg) (Table 2). There was no treatment effect (P >
0.05) on DMI, final BW, or feed efficiency. During the finishing
period (d22 to d115), bulls fed NLY during adaptation had a lower
(P = 0.04) DMI as a percentage of BW (1.92 + 0.09%) than bulls
submitted to the MVY treatment (2.05 + 0.11%). Consequently,
bulls fed NLY tended (P = 0.09) to have a lower overall DMI as a
percentage of BW (2.01 + 0.09%) throughout the total feedlot
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period compared to bulls fed MVY (2.11 * 0.11%), with no
negative impact on performance. Feed efficiency and final BW
were similar among treatments (P > 0.14) for all periods. The
effects of the treatments on observed NE and observed/expected NE
ratio are shown in Table 3. Neither observed NE nor observed/
expected NE ratio differed among treatments (P > 0.05).

Most carcass traits were not influenced (P > 0.05) by treatment
(Table 4). However, bulls fed NYC tended (P = 0.07) to have a
greater REA (75.47 + 9.81 cm?) than bulls fed NLY (69.45 + 9.94
cm?). Additionally, bulls fed MVY tended (P = 0.07) to have a
greater 12th rib fat thickness (4.68 £ 1.21 mm) than bulls fed NDY
(3.78 = 1.23 mm). HCW, CDG, dressing percentage, or BF fat
thickness did not differ among treatments (P > 0.16).

3.2 Feeding behavior

Nellore bulls fed NDY spent (P = 0.03) more time resting
(949.27 + 26.24 min) than bulls fed MVY (899.06 + 32.82 min)
(Table 5). On the other hand, animals that received NDY tended
(P = 0.06) to have fewer meals per day (16.55 * 3.62) compared to
those submitted to the MVY (19.69 + 3.62) and NLY (19.84 + 5.84)
treatments. Accordingly, animals fed NDY tended (P = 0.09) to
have a greater DMI per meal (0.64 + 0.30 kg) than those fed MVY
(0.54 + 0.10 kg). The time spent ruminating and eating, meal length,
DMI, NDF intake, and eating and rumination rates of DM and NDF
were similar among treatments (P > 0.23).

3.3 Serum metabolomics profiling

Forty-seven metabolites were identified in the NMR spectra of
serum samples from Nellore bulls, including essential and
nonessential amino acids, small peptides, amino acid derivatives,
organic acids, nucleic acids, sugar, vitamins, and cellular
antioxidants (Supplementary Table S1). PLS-DA was performed
to visualize differences in metabolite profiles among the four
treatment groups. The variatel/variate2 score plot (Figure 1)
shows no clear distinction among the NAR-fed groups (NLY,
NYC, NDY), indicating similarities in their serum metabolome.
However, there was a clear distinction between the MVY and NYC
groups, indicating that their metabolite profiles differ.
Furthermore, the MVY group showed a slight overlap with NYC
and NLY, suggesting certain similarities despite the overall
difference in their serum metabolomes. Since the metabolite
profiles of the NAR-fed groups appeared to differ from those of
the MVY group, overall and pairwise comparisons using a PLS-
DA model and subsequent VIP scores were performed across the
four treatments and between MVY vs. NLY and MVY vs. NYC to
elucidate specific metabolite differences. The VIP score plots
including the top metabolites that discriminate the four
treatment groups, as well as MVY from NLY and MVY from
NYGC, are shown in Figures 2A-C.

Lactate was the most important metabolite for discriminating
all treatment groups (Figure 2A) and MVY from NLY (Figure 2C),
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TABLE 2 Feedlot performance, intake, and efficiency of Nellore bulls fed different combinations of yeast products with antimicrobials during the grain
adaptation period.

Treatment?
P-value
NLY NYC
Pens (bulls) 6 (30) 6 (30) 6 (30) 6 (30) - -
Initial BW (kg) 388.09 386.53 388.09 387.49 575 0.99
0-21 days (adaptation)
Final BW (kg) 425.85 423.81 432.08 425.88 5.82 075
ADG (Kg) 1.750 1.825 2.097 1.837 0.096 0.09
Daily DMI (kg) 9.74 9.86 9.91 9.80 0.161 0.88
Daily DMI (% BW) 240 244 242 241 0.019 0.62
G:F (kg/kg) 0.179 0.180 0210 0.186 0.010 0.14
22-115 days (finishing)
ADG (kg) 1.565 1.458 1.587 1.558 0.056 0.40
Daily DMI (kg) 10.18 9.44 10.17 10.01 0214 0.07
Daily DMI (% BW) 2.05a 1.92b 2.01ab 2.00ab 0.029 0.04
G:F (kg/kg) 0.153 0.154 0.154 0.156 0.005 0.97
0-115 days (total feedlot period)
Final BW (kg) 571.90 560.93 581.10 572.42 9.142 0.50
ADG (kg) 1.598 1.516 1.679 1.609 0.049 0.16
Daily DMI (kg) 10.10 9.52 10.12 9.97 0.197 0.14
Daily DMI (% BW) 211 201 2.10 2.08 0.027 0.10
G:F (kg/kg) 0.157 0.159 0.164 0.161 0.003 0.56

!Standard error of mean.

“MVY: monensin at 18 mg/kg of dry matter (DM) + virginiamycin at 15 mg/kg of DM + live yeast at 2 g/head/day; NLY: narasin at 13 mg/kg of DM + live yeast at 2 g/head/day; NYC: narasin at
13 mg/kg of DM + yeast culture at 7 g/head/day; NDY: narasin at 13 mg/kg of DM + active dry yeast at 1 g/head/day. Treatments were provided during the adaptation period.
SBW, body weight; ADG, average daily gain; DMI, dry matter intake; G:F, feed-to-gain ratio, feed efficiency.

Lowercase letters indicate treatment differences when the p-value was < 0.05.

TABLE 3 Observed dietary net energy (adaptation diet) of feedlot
Nellore bulls fed different combinations of yeast products with
antimicrobials during the grain adaptation period.

Treatment?

SEM! P-value

Item?®

MVY NLY NYC NDY

Pens (bulls) 6(30)  6(30) 6(30) ‘ 6 (30) ‘ - ‘ -

Dietary NE, Mcal/kg

Maintenance 1.73 1.72 1.90 1.77 0.053 0.12

Gain 111 1.10 125 1.14 0.047 0.11
Observed/expected NE ratio

Maintenance 1.00 1.00 1.10 1.02 0.031 0.13

Gain 1.00 1.00 113 1.07 0.042 0.11

'Standard error of mean.

*MVY, monensin at 18 mg/kg of dry matter (DM) + virginiamycin at 15 mg/kg of DM + live
yeast at 2 g/head/day; NLY, narasin at 13 mg/kg of DM + live yeast at 2 g/head/day; NYC,
narasin at 13 mg/kg of DM + yeast culture at 7 g/head/day; NDY, narasin at 13 mg/kg of DM +
active dry yeast at 1 g/head/day. Treatments were provided during the adaptation period.
3NE, net energy.
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as well as the sixth most important for discriminating MVY from
NYC (Figure 2B), with consistently higher concentrations in the
MVY group. Glucose, dimethylamine, betaine, 3-hydroxybutyrate,
alanine, methionine, 3-phenylpropionate, 2-hydroxyisobutyrate,
glycerol, tyrosine, and allantoin exhibited VIP scores > 1.0 and
were identified as key metabolites for differentiating the
four treatment groups (Figure 2A). Comparing the MVY and
NYC groups, the latter showed higher concentrations of 3-
phenylpropionate, hippurate, betaine, glycolate, butyrate, glucose,
tyrosine, alanine, glycine, choline, and glutamine, whereas higher
concentrations of lactate, histidine, 2-hydroxyisobutyrate, and
methionine were observed in the former (Figure 2B). Comparing
the MVY and NLY groups, the latter showed higher concentrations
of citrate, alanine, tyrosine, betaine, glycerol, and creatine
phosphate, whereas the former exhibited higher concentrations of
lactate, creatine, valine, phenylalanine, and isoleucine (Figure 2C).

The pathway enrichment plots discriminating MVY from
NYC and MVY from NLY are shown in Figures 3A, B. The
three most relevant pathways differentiating MVY from
NYC were methylhistidine metabolism, gluconeogenesis, and
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TABLE 4 Carcass traits of feedlot Nellore bulls fed different combinations of yeast products with antimicrobials during the grain adaptation period.

Treatment?
P-value
NLY NYC

Pens (bulls) 6 (30) 6 (30) 6 (30) 6 (30) - -

HCW (kg) 316.40 310.52 322.78 316.98 4.172 0.24
CDG (kg) 1.063 1.017 1.118 1.072 0.029 0.16
Dressing percentage 55.29 55.33 55.61 55.36 0.275 0.85
REA (cm?) 71.11 69.45 75.47 71.00 1.621 0.08
12th rib fat (mm) 4.68 3.98 4.29 3.78 0.232 0.07
BF fat thickness (mm) 9.81 9.12 9.55 9.58 0.416 0.75

!Standard error of mean.

2MVY: monensin at 18 mg/kg of dry matter (DM) + virginiamycin at 15 mg/kg of DM + live yeast at 2 g/head/day; NLY: narasin at 13 mg/kg of DM + live yeast at 2 g/head/day; NYC: narasin at
13 mg/kg of DM + yeast culture at 7 g/head/day; NDY: narasin at 13 mg/kg of DM + active dry yeast at 1 g/head/day. Treatments were provided during the adaptation period.

SHCW, hot carcass weight; CDG, carcass daily gain; REA, ribeye area; BF, Biceps femoris muscle.

sphingolipid metabolism (Figure 3A). The three most relevant
pathways differentiating MVY from NLY were pyruvate
metabolism, catecholamine biosynthesis, and thyroid hormone
synthesis (Figure 3B).

4 Discussion

The present study investigated the effects of different
combinations of yeast products (live yeast, yeast culture, and
active dry yeast) with antimicrobials (MON, VM, and NAR)

during adaptation of feedlot Nellore bulls. The results indicated
that feeding NYC during the adaptation period tended to improve
performance compared to MVY, without any noticeable effects
during the post-adaptation period. Animals fed NLY had a lower
DMI during the post-adaptation period than those fed MVY.
Considering that both treatments contain the same yeast product,
the different antimicrobials may have influenced rumen kinetics
and, consequently, rumen development differently. Within this
context, metabolomics was used to better understand the
phenotypic differences between treatments. As previously
described by Consolo et al. (2022), this study also demonstrated

TABLE 5 Feeding behavior of feedlot Nellore bulls fed different combinations of yeast products with antimicrobials during the grain adaptation period.

Treatment?
NLY NYC

Pens (bulls) 6 (30) 6 (30) 6 (30) 6 (30) - -

Time spent resting (min) 899.06b 927.45ab 930.62ab 949.27a 11.19 0.03
Time spent ruminating (min) 311.19 299.33 295.78 284.96 10.37 0.37
Time spent eating (min) 216.76 202.73 203.66 197.07 7.94 0.37
DMI (kg) 9.31 9.53 9.51 9.35 0.20 0.56
Meals per day (n) 19.69 19.84 18.89 16.55 0.90 0.06
Meal length (min) 11.04 10.73 11.26 12.36 0.53 0.26
DMI per meal (kg) 0.54 0.54 0.58 0.64 0.02 0.09
NDF intake (kg) 4.44 4.52 4.54 4.45 0.09 0.80
RRDM (min/kg of DM) 30.14 28.66 27.80 26.85 111 0.23
RRNDF (min/kg of NDF) 70.86 69.19 65.65 67.33 2.74 0.41
ERDM (min/kg of DM) 21.21 19.74 19.42 19.29 0.83 0.40
ERNDF (min/kg of NDF) 49.72 45.62 42.85 44.19 2.73 0.47

!Standard error of mean.

2MVY: monensin at 18 mg/kg of dry matter (DM) + virginiamycin at 15 mg/kg of DM + live yeast at 2 g/head/day; NLY: narasin at 13 mg/kg of DM + live yeast at 2 g/head/day; NYC: narasin at
13 mg/kg of DM + yeast culture at 7 g/head/day; NDY: narasin at 13 mg/kg of DM + active dry yeast at 1 g/head/day. Treatments were provided during the adaptation period.
pMI, dry matter intake; NDF, neutral detergent fiber; RRDM, rumination rate of DM; RRNDF, rumination rate of NDF; ERDM, eating rate of DM; ERNDF, eating rate of NDF.

Lowercase letters indicate treatment differences when the p-value was < 0.05.
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FIGURE 1

Partial least squares discriminant analysis (PLS-DA) score plot of serum metabolite distribution according to treatment. MVY, monensin +
virginiamycin + live yeast; NLY, narasin + live yeast; NYC, narasin + yeast culture; NDY, narasin + active dry yeast.

the potential of applying metabolomics to bio-fluids for a better
understanding of beef cattle metabolism and behavior, associating
the findings with nutritional modulation. Overall, the serum
metabolite data suggest differences in energy and protein
metabolism between the MVY and NAR-fed groups.

Although some studies have included yeast products in
ruminant nutrition, the effect of yeast supplementation on
ruminal parameters, digestibility and performance of beef cattle
will vary depending on product type, strain, dose, and diet (Sartori
et al, 2017; Cagle et al, 2020). Shen et al. (2018) found that,
compared to 330 mg MON/day, ruminal yeast culture
supplementation increased ruminal acetate concentration and
organic matter and NDF digestibility and tended to reduce the
time ruminal pH remained below 5.6 in heifers fed high-grain diets.

Similarly, Geng et al. (2016) demonstrated that yeast culture
supplementation increased the molar percentage of acetate
compared to active dry yeast in finishing bulls fed diets
containing 31% forage. Both supplements were combined with
MON. In the present study, since DMI was similar among
treatments, the trend of the NYC treatment to provide greater
ADG compared to MVY might be related to a potential increase in
fiber digestibility, enhanced by the yeast culture. Although amino
acids are not essential for mixed rumen bacteria, aromatic amino
acids such as tyrosine and phenylalanine can stimulate the
fermentation rate and microbial growth yield (Cotta and Russell,
1982; Guliye et al, 2005). Atasoglu et al. (2001) reported that
phenylalanine can be limiting for certain species of cellulolytic
ruminal bacteria, including Fibrobacter succinogenes. In addition to
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Variable importance in the projection (VIP) analysis ranking the top metabolites whose relative serum levels differ between treatment groups. (A)
monensin + virginiamycin + live yeast (MVY), narasin + active dry yeast (NDY), narasin + live yeast (NLY), narasin + yeast culture (NYC) (R® = 0.99 and
Accuracy = 0.28); (B) monensin + virginiamycin + live yeast (MVY), narasin + yeast culture (NYC) (R? = 0.91 and Accuracy = 0.66); (C) monensin +

virginiamycin + live yeast (MVY), narasin + live yeast (NLY) (R? = 0.94 and Accuracy = 0.55).
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B) Overview of Enriched Metabolite Sets (Top 25)
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Overview of quantitative enrichment analysis showing the top 25 pathways according to P-value. (A) monensin + virginiamycin + live yeast (MVY) vs.
narasin + yeast culture (NYC); (B) monensin + virginiamycin + live yeast (MVY) vs. narasin + live yeast (NLY).

minerals, vitamins and NDF, the yeast culture of the NYC
treatment contained amino acids such as tyrosine, phenylalanine,
glycine, proline, and leucine (Supplementary Table S2). Tyrosine
can be synthesized from phenylalanine by rumen microorganisms
and both metabolites can be converted to phenylpropionic acid,
which is similarly beneficial for improving cellulose degradation by
stimulating the growth of Ruminococcus albus (Hungate and Stack,
1982; Khan et al., 1999). The metabolites 3-phenylpropionate and
tyrosine were important for the discrimination of the NYC and
MVY groups, with higher serum concentrations in the NYC group.
These findings suggest that the yeast culture in the NYC treatment
may have enhanced fiber digestibility. Given the high fiber content
of adaptation diets, this potential enhancement of fiber digestibility
may have contributed to the increase in ADG observed in the
NYC group.

Megasphaera elsdenii is the most important ruminal bacteria
that utilizes lactic acid and therefore plays a key role in preventing
ruminal lactic acid accumulation (Nagaraja and Titgemeyer, 2007).
According to Russell (2002), M. elsdenii is an ammonia producer
but can only use a limited number of amino acids for hydrolysis,
such as serine and threonine, highlighting the importance of these
amino acids for the growth of this bacteria. Accordingly, Rossi et al.
(2004), assessing the effects of peptides fractions from yeast culture
on the growth and metabolism of M. elsdenii, found that the
hydrophilic peptide fraction, which is rich in serine and
threonine, stimulated cell growth and the production of butyrate
(+100%) and valerate (+76.1%), as well as lactate fermentation
(+16.9%). The higher concentration of amino acids in the yeast
culture in NYC may have enhanced the growth of M. elsdenii,
supported by the higher serum levels of butyrate and lower levels of
lactate in this group compared to MVY.

The second most important metabolite to differentiate NYC
from MVY was hippurate, which is related to the most important
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metabolite for this differentiation, 3-phenylpropionate. Hippurate is
a glycine conjugate of benzoic acid and a component normally
found in the urine of animals, which is strongly associated with diet
and microbiota (Lees et al., 2013). Pagella et al. (1997) found that
most of the 3-phenylpropionic acid infused into the rumen of sheep
is absorbed across the mucosal epithelium and transported to the
liver, where it undergoes oxidative reactions and is converted to
benzoic acid. The latter is then conjugated with glycine to form
hippuric acid, which is subsequently excreted (Chesson et al., 1999).
Thus, the increase in 3-phenylpropionate observed in the NYC
group may have contributed to the higher serum hippurate levels in
bulls of this group, confirming that yeast culture composition
positively contributes to increasing the ruminal concentration of
these important metabolites for fiber digestibility.

Lactate was important for discriminating the four treatments,
with higher levels in the MVY group. Oliveira Junior et al. (2023)
found that, compared to exclusive MON supplementation, the
combined use of MON and VM in feedlot diets increased serum
D-lactate levels, upregulated the expression of pyruvate carboxylase
and lactate dehydrogenase, and tended to increase the expression of
propionyl-CoA carboxylase in the liver. These changes indicated
higher ruminal metabolic activity in the MON and VM groups,
increasing ADG compared to the exclusive MON group (Oliveira
Junior et al., 2023). Increased lactate dehydrogenase expression
suggests that, along with D-lactate, serum L-lactate may also be
elevated (Ewaschuk et al., 2005). Hence, the higher serum lactate
levels in the MVY group could be associated with increased ruminal
production of D- and L-lactate, as well as endogenous L-lactate.

One-carbon (methyl) metabolism is a complex network of
interrelated biochemical reactions involving the transfer of one-
carbon groups, which plays a pivotal role in biological methylation
and nucleotide synthesis (Mason, 2003). The two main methyl donors
in animal metabolism are betaine and S-adenosylmethionine (SAM),
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metabolites derived from choline and methionine metabolism,
respectively (Pinotti et al., 2002). Since choline is extensively
degraded in the rumen, the contribution of dietary choline to the
choline body pool is neglectable (Baldi and Pinotti, 2006). For that
reason, methionine synthase, the enzyme responsible for the de novo
synthesis of methionine methyl groups, plays an important role in
maintaining the methyl supply of ruminants (Dawson et al., 1981;
Pinotti et al,, 2002). According to Zeisel and Blusztajn (1994), when
methionine and SAM levels are adequate, the latter will increase the
level of S-adenosylhomocysteine, which limits the endogenous
synthesis of choline through the phosphatidylethanolamine N-
methyltransferase pathway. In this context, the higher levels of
methionine in the MVY group would explain the lower levels of
choline and betaine compared to the NYC group. It is reasonable to
believe that there was an increase in microbial protein synthesis due to
a potential increase in rumen metabolic activity in the MVY group as
mentioned above, elevating the supply of methionine (Schwab and
Broderick, 2017). This suggestion is supported by the elevated levels of
other essential amino acids such as histidine, isoleucine,
phenylalanine, and valine in the MVY group, which can be
synthesized by ruminal bacteria (Schwab, 1995), as well as by
enrichment analysis, in which the over-represented pathways were
mostly correlated with amino acid metabolism (Figure 3A). Although
the MVY treatment appears to enhance the uptake of essential amino
acids, it was insufficient to improve animal performance compared to
the NYC treatment.

Given the lack of substantial effects of the MVY and NLY
treatments on DMI and performance during the adaptation period,
the lower DMI of animals fed NLY during the finishing period may
be linked to changes in ruminal fermentation patterns and in the
serum metabolome. Overall, differences in serum metabolites
between these groups were correlated with changes in energy and
protein metabolism. Accordingly, the over-represented pathways in
serum were correlated with energy metabolism, including pyruvate
metabolism and gluconeogenesis (Figure 3B). Consolo et al. (2021)
found higher serum concentrations of citrate and creatine
phosphate in cattle that are more efficient in terms of residual
feed intake, suggesting that the higher levels of these metabolites in
NLY may represent a metabolic adaptation to substrate uptake.
Additionally, in accordance with Dias Batista et al. (2024), who
reported a linear increase in branched-chain volatile fatty ruminal
concentration with an increase in VM dose in feedlot diets, the
higher levels of certain branched-chain amino acids, such as valine
and isoleucine, in the MVY group compared to NLY may reflect the
impact of this molecule on rumen dynamics, potentially promoting
rumen development and thereby explaining the greater
DMI observed in MVY compared to NLY post-adaptation.
Furthermore, serum lactate may also reflect the occurrence of
some alterations in rumen pH and consequently in feeding
behavior. According to Gonzalez et al. (2012), increasing the
distribution and reducing the size of meals throughout the day
can help control rumen pH since it improves the synchronization
between the production and uptake or neutralization of volatile
fatty acids. The trend toward increasing meals per day in the MVY
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group compared to NDY, along with a numerical increase in the
time spent ruminating and reduced resting time, may be a response
to controlling rumen acidification.

5 Conclusion

The serum metabolome data revealed that Nellore bulls fed
NYC during the adaptation period had a higher concentration of
metabolites associated with fiber digestion compared to the other
treatments, which likely contributed to the enhanced animal
performance during grain adaptation period. Further research
should investigate the effect of combining antimicrobials and
yeast culture on rumen fermentation and diet digestibility in
feedlot cattle during the grain adaptation period.
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