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Simple Summary: Supplementing trace minerals is common for managing bovine respiratory disease
in developing beef cattle; however, its effects on their immune and metabolic systems are not
fully understood. In this study, we evaluated three different mineral supplement programs and
assessed their impact on the concentrations of copper, manganese, cobalt, and zinc, along with
the whole blood gene expression, in high-risk beef cattle that remained clinically healthy over a
60-day period. Our results demonstrated that one supplement program, which included amino acid
(organically) complexed minerals, led to an increase in gene activity related to adaptive immune
system function and the metabolism of carbohydrates and fat-soluble vitamins compared to cattle-fed
sulfate (inorganically) sourced complexed minerals. Additionally, the cattle given organically sourced
minerals resulted in higher liver concentrations of copper at the end of the study compared to cattle
given inorganically sourced minerals. This suggests that tailored mineral supplement programs may
improve cattle immunity and mineral absorption. Understanding these effects improves how we
manage cattle for diseases such as respiratory disease.

Abstract: Supplementing trace minerals is common in managing bovine respiratory disease (BRD)
in post-weaned cattle; however, its influence on host immunity and metabolism in high-risk cattle
remains unclear. We aimed to assess the impact of three supplementation programs on liver and
serum trace element concentrations and blood gene expression. Fifty-six high-risk beef steers were
randomly assigned to one of three groups over 60 days: (1) sulfate-sourced Cu, Co, Mn, and Zn
(INR), (2) amino acid-complexed Cu, Mn, Co, and Zn (AAC), or (3) AAC plus trace mineral and
vitamin drench (COMBO). Serum and liver biopsies for Cu, Co, Mn, and Zn at d0, d28, and d60
were analyzed from cattle free of BRD (n = 9 INR; n = 6 AAC; n = 10 COMBO). Differences and
correlations of mineral concentrations were analyzed via generalized linear mixed models and
Spearman’s rank coefficients, respectively (p < 0.05). Whole blood RNA samples from healthy
cattle (n = 4 INR; n = 4 AAC; n = 4 COMBO) at d0, d13, d28, d45, and d60 were sequenced and
analyzed for differentially expressed genes (DEGs) via glmmSeq (FDR < 0.05), edgeR (FDR < 0.10),
and Trendy (p < 0.10). Serum and liver Cu and Co concentrations increased over time in all groups,
with higher liver Cu in COMBO (487.985 µg/g) versus AAC (392.043 µg/g) at d60 (p = 0.013). Serum
and liver Cu concentrations (ρ = 0.579, p = 6.59 × 10−8) and serum and liver Co concentrations
(ρ = 0.466, p = 2.80 × 10−5) were linearly correlated. Minimal gene expression differences were
found between AAC versus COMBO (n = 2 DEGs) and INR versus COMBO (n = 0 DEGs) over time.
AAC versus INR revealed 107 DEGs (d13–d60) with increased traits in AAC including metabolism
of carbohydrates/fat-soluble vitamins, antigen presentation, ATPase activity, and B- and T-cell
activation, while osteoclast differentiation and neutrophil degranulation decreased in AAC compared
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to INR. Our study identifies gene expression differences in high-risk cattle fed inorganic or amino
acid-complexed mineral supplements, revealing adaptive immune and metabolic mechanisms that
may be improved by organically sourced supplementation.

Keywords: beef cattle; trace element; supplementation; nutrition; RNA sequencing; copper; T-cell;
immunity; serum; liver

1. Introduction

Over the past several decades, North American livestock production systems have
developed several cattle management tactics and system concepts focused on disease
prevention and performance optimization [1–6]. While various health and performance
obstacles are faced in these systems, particularly in stocker cattle production, bovine
respiratory disease (BRD) development remains one of the primary concerns. To date, BRD
remains the leading cause of morbidity and mortality in these systems, leading to economic
and welfare concerns for producers and consumers [3,4]. Moreover, stocker cattle, or newly
weaned cattle placed into feeder systems, are frequently sourced from varying backgrounds
and exposed to stressful conditions such as transportation, sale, and commingling with
novel pen mates, which has been shown to challenge their immune system and increase
their susceptibility and risk of BRD development [4,7–9].

To address this risk, trace element supplementation is a leading management tactic
for managing BRD within high-risk stocker cattle populations. Specifically, supplied trace
elements, including copper, cobalt, manganese, and zinc, may bolster the innate and adap-
tive immune responses of cattle, maintain cellular homeostasis and metabolic processes,
and mitigate the effects of exposure to stress and infectious agents of BRD [10–13]. Trace
element supplementation, in the context of BRD control, involves developing fortified diets
or administering products to meet the macro- and micronutrient requirements of cattle.
Ultimately, this may be accomplished through a variety of methods, including those of
direct strategies, such as oral supplements, injectable formulations, or the inclusion of
trace element-enriched feed ingredients, or indirect strategies, such as pasture manage-
ment/fertilization and rotational grazing. However, beef cattle producers may supply
mineral supplements in excess to match the perceived appetite of the animal, with little
regard for the animal’s ability to conserve these elements in tissue and fluid [14]. This type
of feeding practice may ultimately result in the over-supplementation of trace elements,
which may lead to negative economic and environmental impacts for beef cattle producers
without changing performance or disease parameters [15,16]. Further, variation and fluctu-
ation in the intake of mineral supplements by grazing cattle decrease the efficiency of this
supplementation strategy [17].

It is apparent that these “one-size-fits-all” strategies remain highly variable in terms of
efficacy, and the influence that trace element strategies have on the immune and metabolic
responses of high-risk stocker cattle remains disputed. We, therefore, sought to explore and com-
pare the effects of three trace element supplement protocols through a multimodal approach.

2. Materials and Methods
2.1. Animal Enrollment and Experimental Design

All animal use and procedures were approved by the Mississippi State University
Animal Care and Use Committee (IACUC protocol #21-390) and carried out in accordance
with relevant IACUC and agency guidelines and regulations. This study was carried
out in accordance with Animal Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines [18] and was part of a larger study conducted by our group [19]. A total of
56 commercial crossbred beef steers were purchased from a regional order-buyer within
Mississippi and housed at the Mississippi State University Prairie Research Unit (Prairie,
MS, USA); previous health and management history was unknown with this group, which
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is a common occurrence in managing high-risk stocker populations in the United States.
Upon purchase, the cattle were loaded onto a commercial livestock trailer and transported
for approximately 800 km to simulate long-haul transport conditions. Upon facility arrival
(d-1), steers were weighed (average: 230.8 kg; s.d.: 13.7 kg) and placed into a single 2-
hectare fescue paddock with access to water troughs. Collected weights were used to
randomly stratify cattle into one of 7 drylot pens (6 × 12 m; n = 8 per pen); pen groups
were then randomly assigned to receive ad libitum access to supplements containing one
of 3 treatments: (1) sulfate sources of Cu, Co, Mn, and Zn in feed (INR; custom blend
manufactured by Ware Milling, Houston, MS, USA; n = 24); (2) organic complexed source of
Cu, Mn, Co, and Zn in feed (AAC; Availa-4 (Zinpro Corp, Eden Prairie, MN, USA); n = 16);
or (3) organic complexed source of Cu, Mn, Co, and Zn in feed (Availa-4) and administration
of a trace mineral drench product (Profusion; Zinpro Corp, Eden Prairie, MN, USA) prior
to shipment, at time of pen enrollment (day 0), and ancillary to any morbidity treatment
(COMBO; n = 16); drench dosing was performed according to manufacturer’s instruction.
Notably, this animal enrollment was imbalanced due to the availability of pen space at the
time of study commencement; feed intake and efficiency, weight gain performance, and
health parameters were not statistically different across the inorganically and organically fed
groups [19]. All mineral supplements provided were formulated to meet the requirements
for macrominerals, Se, I, and vitamins in growing cattle [20]. The INR and AAC sources
were formulated to provide the same daily amount of Cu, Co, Mn, and Zn based on 7 g/calf
daily of the AAC source as recommended by the manufacturer and previous research with
these ingredients [21,22]. According to the manufacturer, ProFusion contains Zn amino acid
complex, Mn amino acid complex, Cu amino acid complex, ZnCl, alpha-tocopherol acetate,
MnSO4, CuSO4, Co glucoheptonate, and sodium selenite. Each 30 mL dose provided
720 mg Zn, 400 mg Mn, 250 mg Cu, 15 mg Co, 1 mg Se, and 200 IU Vitamin E. At day 0,
all cattle were subcutaneously administered a vaccine for bovine herpesvirus-1, bovine
viral diarrhea virus types 1 and 2, parainfluenza-3 virus, and bovine respiratory syncytial
virus according to label instructions (Pyramid 5; Boehringer Ingelheim, Duluth, GA, USA),
injectable doramectin according to label instructions (Dectomax; Zoetis, Parsippany, NJ,
USA), and were given identification ear tags and confirmed to be negative for persistent
infection with bovine viral diarrhea virus (BVDV) via ear notch antigen capture ELISA.
On day 21, steers were re-vaccinated with the previously mentioned vaccine per label
instructions. Steers were subsequently rotated between pens every 14 days to account for
the potential confounding effects of the pen and were enrolled in this study for a total of
60 days. Weekly samples of supplement offerings and refusals were analyzed for nutrient
content by a commercial laboratory to ensure adequate consumption of mineral products
(Table 1). Additional information and data regarding feed intake via electronic feed bunk
data, nutritional profiles, wet chemistry procedures, and nutrient provisions are found in
previous literature [19].

Table 1. Nutritional composition of the organic (AAC, COMBO) and inorganic (INR) diets supplemented.

Item INR AAC

Composition, as-fed basis

Cracked corn, % 47.15 47.15

Cottonseed meal, % 19.78 19.78

Cottonseed hulls, % 17.99 17.99

Soybean hull pellet, % 12.89 12.79

Macromineral mix 1, % 2.16 2.21

Inorganic trace mix 2, % 0.051 0

Organic trace mix 3, % 0 0.09
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Table 1. Cont.

Item INR AAC

Nutritional profile 4, dry matter basis

Dry matter, % 87.8 88

Net energy for maintenance, Mcal/kg 1.56 1.5

Net energy for gain, Mcal/kg 0.97 0.91

Total digestible nutrients, % 65.83 65.53

Acid detergent fiber, % 26.9 27.23

Neutral detergent fiber, % 36.07 34.73

Crude protein, % 16.93 15.7

Ca, % 0.95 0.64

P, % 0.56 0.49

Mg, % 0.31 0.26

K, % 1.02 0.93

Na, % 0.18 0.11

S, % 0.19 0.18

Co, ppm 1.1 1.5

Cu, ppm 21 18.7

Fe, ppm 155 141

Mn, ppm 44.7 40.7

Se, ppm 0.32 0.29

Zn, ppm 77.3 73
1 Customized blend of minerals, vitamins, and feed additives (Ware Milling, Houston, MS, USA), which contained
sodium monensin (Rumensin: Elanco Animal Health, Greenfield, IN, USA) at 120 g/ton. 2 Customized blend
of trace minerals (Ware Milling, Houston, MS, USA), which contained Co, Cu, Mn, and Zn as sulfate sources.
3 Availa 4 (Zinpro Corporation, Eden Prairie, MN, USA), which contained (dry matter basis) 5.15% Zn from
1:1 Zn and amino acid (AA) complex, 2.86% Mn from 1:1 Mn and AA complex, 1.80% Cu from 1:1 Cu and AA
complex, and 0.18% Co from Co glucoheptonate. 4 Based on wet chemistry procedures by a commercial laboratory
(ServiTech Inc., Dodge City, KS, USA). Calculations for net energy maintenance and gain used equations proposed
by the NASEM [20].

2.2. Sample Acquisition and Handling

Blood samples were collected via jugular venipuncture from all steers on days 0, 28,
and 60 into commercial blood collection tubes containing silicon EDTA (BD Vacutainer;
Franklin Lakes, NJ, USA) for trace mineral analysis. Concurrently with blood sample
collection, liver samples were collected from all steers via needle biopsy (Monopty Core
Biopsy Instrument; Becton Dickinson, Tempe, AZ, USA) according to procedures described
by Arthington and Corah [23]. Liver and blood samples were immediately placed on ice
and stored at −80 ◦C on the same day of collection before being analyzed via inductively
coupled plasma mass spectrometry for concentrations of Co, Cu, Mn, and Zn by the
Michigan State Veterinary Diagnostic Center for Population and Animal Health (East
Lansing, MI, USA), according to Braselton and colleagues [24].

Due to logistical limitations in the availability of materials, we randomly selected four
animals per pen (n = 28 individuals) at the start of the study to collect approximately 3 mL
of blood into Tempus RNA blood tubes (Applied Biosystems, Foster City, CA, USA) on
days 0, 13, 28, 45, and 60. During the study, two animals (ID_5 (pen 3) and ID_8 (pen 6))
were removed due to musculoskeletal injuries unassociated with the project. Upon study
conclusion, a total of 130 blood samples (n = 26 individual cattle) across all five time points
remained and were utilized for RNA extraction and sequencing. Tempus RNA blood tubes
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were collected via jugular venipuncture, then handled and cryogenically stored at −80 ◦C
according to the manufacturer’s recommendations.

2.3. Statistical Analysis of Trace Mineral Concentrations

Differences in feed and trace element intake across the three groups across time
were performed for these healthy cattle in an identical fashion to our previous work [19].
Differences in mineral concentrations from liver and serum samples of all disease-free
cattle enrolled in this study were evaluated through generalized linear mixed effect models
(GLMMs) estimated via Gaussian distribution and restricted pseudolikelihood with the
Kenward–Rodgers adjustment for degrees of freedom; GLMMs were performed with the
glmer function in the lme4 package [25] within R v4.1.2. Independent models included
mineral concentration (Cu, Co, Mn, and Zn) as the response variable, evaluating group,
time, and their interaction as predictor variables, and random intercepts for pen and animal
ID. Differences in generalized least-square means of fixed effects (Wald type III) were
considered significant with p < 0.10. If significant differences were identified, pairwise
comparisons were performed with Bonferroni post-hoc analysis testing to control type I
error rates, utilizing a selected α level of 0.05. Violin plots were generated with ggplot2
v3.3.6 [26], utilizing the scale_fill_brewer function with a 3-class color-blind-friendly palette.

The strength of linear associations between serum and liver mineral concentrations
over all time points were calculated with Spearman’s rank correlation coefficients with the
cor.test function in R Stats v4.1.2, utilizing a selected α level of 0.05. Confidence intervals of
Spearman’s Rank correlation coefficients were computed with the spearman.ci function in
RVAideMemoire v0.9.81.2 (https://www.rdocumentation.org/packages/RVAideMemoire/
versions/0.9-81-2 (accessed on 6 March 2023)), utilizing 95% confidence intervals and
1000 bootstrap replications for each correlation analysis. Scatter plots for each correlation
analysis were generated with ggplot2 v3.3.6 [26]. All liver and serum mineral concentrations
from these disease-free cattle are found in Supplemental File S1.

2.4. Whole Blood RNA Isolation, Sequencing, and Bioinformatic Processing

Total RNA was isolated via the Tempus Spin RNA Isolation Kit (Applied Biosystems)
according to the manufacturer’s recommendations. Total RNA from each sample was
subsequently assessed for RNA concentration and integrity with a Qubit 4.0 Fluorometer
(ThermoFisher, Waltham, MA, USA) and an Agilent 4200 Bioanalyzer (Agilent, Santa Clara,
CA, USA), respectively; total RNA samples were of high quality (RIN: 5.8–9.6; mean = 8.9,
s.d. = 0.5) and concentrations (ng/µL: 50.8–477.0; mean = 200.8, s.d. = 77.7). Notably,
one sample (ID40_D60) possessed an RIN below 6.0. Sample quality control, sequencing
library preparation, and high-throughput sequencing were performed by the Texas A&M
University Institute for Genome Sciences and Society (TIGSS; College Station, TX, USA).
Library preparation for mRNA was performed with Illumina Stranded mRNA Prep kits
(Illumina, San Diego, CA, USA) according to the manufacturer’s recommendations. Paired-
end sequencing for 150 base pair read fragments was performed on an Illumina NovaSeq
6000 analyzer (v1.7+; S4 reagent kit v1.5), where all 130 samples were barcoded and pooled,
and pooled libraries were sequenced equally across two flow cell lanes to avoid batch effects
related to the sequencing lane. Importantly, for this study, we retained the sequencing
data from those cattle that were never diagnosed nor treated for clinical bovine respiratory
disease during the 60-day study period (n = 12).

Raw, demultiplexed reads were acquired from the BaseSpace Sequence Hub (Illumina),
where their read quality was assessed with FastQC v0.11.9 (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/ (accessed on 10 March 2023)) and MultiQC v1.12 [27].
One sample (ID48_D13) failed to cluster and was subsequently removed from downstream
bioinformatic processing. The remaining samples were concatenated by lane, where read
pair trimming retained a minimum read length of 28 bases was performed with Trimmo-
matic v0.39 [28], scanning each read with a 4-base pair sliding window and removing read
segments below a minimum base Phred quality score of 20, removing bases off the start and

https://www.rdocumentation.org/packages/RVAideMemoire/versions/0.9-81-2
https://www.rdocumentation.org/packages/RVAideMemoire/versions/0.9-81-2
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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end of each read if below a Phred quality score of 3, and retaining reads with a length greater
than or equal to 28 bases. Following a final read quality assessment with FastQC, trimmed
reads were mapped and indexed to the bovine reference genome assembly ARS-UCD1.3
using HISAT2 v2.2.1 [29]. Sequence Alignment/Map (SAM) files were converted to Binary
Alignment Map (BAM) files prior to transcript assembly with Samtools v1.14 [30]. Tran-
script assembly and gene-level expression estimation for differential expression analysis
were performed with StringTie v2.2.0, as described by Pertea and colleagues [31,32]. Follow-
ing assembly and transcript expression estimation, the appending of ambiguous gene-level
identifications (“MSTRG” tags) was performed with a custom Perl script provided by
Pertea (https://gist.github.com/gpertea/b83f1b32435e166afa92a2d388527f4b (accessed on
17 March 2023)). Raw gene-level count matrices for each sample were generated with the
Python3 script prepDE (https://ccb.jhu.edu/software/stringtie/dl/prepDE.py3 (accessed
on 17 March 2023)), selecting for an average read length (“–l”) of 150 and all other param-
eters set to default. All metadata for sequenced samples from these disease-free cattle is
found in Supplemental File S2. All sequencing data produced in this study are available at
the National Center for Biotechnology Information Gene Expression Omnibus (NCBI-GEO)
under the accession number GSE225397.

2.5. Dataset Processing and Differential Gene Expression Analyses

Similar to the previously described work, raw gene counts were imported into R v4.1.2
for data sparsity filtering and normalization via the Trimmed mean of M-values (TMM)
method [33–35]. Following normalization, principal component analysis (PCA) was per-
formed to reduce high dimensionality, determine contributing factors driving expressional
variance, and associate clinical metadata components with principal components (PCs) of
interest via PCAtools v2.10.0 (https://github.com/kevinblighe/PCAtools (accessed on
21 March 2023)). Based on assumed unequal variance across genes, correlation matrix
modeling was applied to the normalized data, specifically log2-transforming gene counts
after the addition of a (+2) pseudocount to prevent undefinable log-transformations of
any zero counts [36,37]. Modeling through PCA was performed through mean-centering
and variance-scaling the data and removing the bottom 10% of genes ranked on variance.
Multivariate scree plotting visualized the number of PCs to be retained for further analysis,
following the elbow method of clustering validation. Spearman’s rank correlations of
the retained PCs were calculated to determine the level of association of each PC with
metadata components across all samples, specifically for each trace element supplement
group (“AAC”, “COMBO”, and “INR”), the slope of weight gain over time (growth rate;
“Growth”), and serum mineral concentrations for Co, Cu, Mn, and Zn at days 0 and 28
(“Serum_Co_D.0”, “Serum_Cu_D.0”, etc.). Any correlations having an FDR < 0.10 were
considered significant. A PCA biplot was constructed from the first two PCs with signifi-
cant correlations to supplement groups (PC1 and PC2), where data ellipses were calculated
and visualized from multivariate t-distributions, incorporating the 80% confidence levels of
expressional t-distribution across each sample. To identify the genes driving the variation
found within each PC significantly correlated with supplement groups, a loadings plot
was generated with the top/bottom 0.1% of retained variables across each component
loading range.

Following multidimensional reduction analyses (PCA), normalized genes underwent
differential gene expression analyses to determine differences between the three trace
element supplement groups across time in an ANOVA-like approach. The Bioconductor
package glmmSeq v0.2.0 (https://github.com/KatrionaGoldmann/glmmSeq (accessed
on 23 March 2023)) was utilized for negative binomial mixed effect modeling of gene
counts, following tagwise (gene-specific) dispersion estimation of gene counts. Specifically,
time and treatment groups were fitted as fixed effects, and pen on day 0 and individual
ID were fitted as random effects for linear modeling, where any gene-level comparison
between treatment groups having an FDR < 0.05 was considered significantly differentially
expressed. Pairwise comparisons between each treatment group at each time point were

https://gist.github.com/gpertea/b83f1b32435e166afa92a2d388527f4b
https://ccb.jhu.edu/software/stringtie/dl/prepDE.py3
https://github.com/kevinblighe/PCAtools
https://github.com/KatrionaGoldmann/glmmSeq
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then conducted within the Bioconductor package edgeR v3.40.2 [38,39]. Within edgeR,
TMM-normalized gene counts were fitted under the generalized linear model (GLM)
framework and analyzed via quasi-likelihood F-tests (QLF), following common dispersion
estimation. Pairwise gene comparisons were considered significant with an FDR < 0.10.
The DEGs identified in both glmmSeq and edgeR modeling were compared and matched in
Microsoft Excel (Redmond, WA, USA), indicating agreement between the two models. The
matching DEGs were then annotated using the National Center for Biotechnology (NCBI)
gene database using the bovine and human reference genomes to annotate “LOC” genes
when required. Downstream analyses were performed on the resulting shared DEGs at
each timepoint.

2.6. Time-Series Segmented Regression Gene Expression Analysis

To better utilize the spatial conditions of this study, we conducted a segmented re-
gression analysis of gene expression for each trace element supplement group over time
with the Bioconductor package Trendy v1.20.0 [40]. Trendy allows for the fitting of a “piece-
wise” regression model of serial gene expression data, permitting the determination of
expressional directionality and dynamic changes, or breakpoints, of gene expression across
time [40,41]. Filtered raw gene counts from each group were fitted and normalized with the
Relative Log Expression (RLE) procedure [42,43]. Across all genes, segmented regression
models were fit with the function of each time point, configuring each model for a dynamic
change in gene expression overtime (“maxK”) of 1, a minimum of 2 samples present within
an expressional segment (“minNumInSeg”), and all other parameters set to default. Genes
were considered dynamically expressed if they had at least one segment with a regression
segment slope of p < 0.10 and if their adjusted R2 value was above a threshold in which less
than 1% of the genes were retained after a permutation procedure described by Bacher and
colleagues (https://www.bioconductor.org/packages/devel/bioc/vignettes/Trendy/inst/
doc/Trendy_vignette.pdf (accessed on 25 March 2023); the R2 value cutoffs selected were
0.340, 0.305, and 0.316 for AAC, COMBO, and INR, respectively. For downstream analyses,
dynamic gene expression patterns were assigned to four directional expression groups,
assigning genes based on whether they increased (“Up”), decreased (“Down”), stabilized
in trended expression after their respective breakpoint (“Stabilized”), or never possessed a
breakpoint (i.e., continuous expressional trend) (“None”) [44]. Visual relationships of the
genes identified by the top sparse classifiers were performed with UpSetR v1.4.0, utilizing
the Intervene Shiny Application [45,46].

2.7. Functional Enrichment Analyses

Significant genes identified through comparative and segmented regression analyses
were independently evaluated for enriched pathways and Gene Ontology (GO) terms via
KOBAS-intelligence v.3.0 [47]. Within KOBAS, we utilized an overrepresentation analy-
sis method employing hypergeometric distribution and Fisher’s exact testing of specific
functional enrichments from DEGs, using the GO knowledgebase, Kyoto Encyclopedia of
Genes and Genomes, and Reactome databases [48–50]. Any functional enrichment with an
FDR < 0.05 was considered significant.

3. Results
3.1. Statistical Analyses of Trace Element Intake and Concentrations

Table 2 describes differences in feed and mineral intake across time for these three
groups of healthy cattle. Specifically, no differences were found in total feed intake; however,
Co, Cu, Mn, and Zn were statistically different in AAC cattle when compared to both
COMBO and INR cattle. For differences in liver samples, Co concentrations across all three
groups significantly increased from day 0 to day 28 and day 60 (p < 0.001), with no statistical
difference between days 28 and 60 within each group nor between any group at any time
point (p > 0.05) (Figure 1A). Regarding Cu concentrations, all three groups demonstrated
a significant increase in concentrations across each time point (p < 0.001), with the only

https://www.bioconductor.org/packages/devel/bioc/vignettes/Trendy/inst/doc/Trendy_vignette.pdf
https://www.bioconductor.org/packages/devel/bioc/vignettes/Trendy/inst/doc/Trendy_vignette.pdf
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significant difference between groups being a higher concentration in COMBO (500.93
± 27.31 µg/g) compared to AAC (437.95 ± 39.16 µg/g) at day 60 (p = 0.013) (Figure 1B).
Regarding Mn and Zn concentrations, no statistical differences were observed between
groups at each time point or within each group over time (p > 0.05) (Figure 1C,D).

Table 2. Feed and trace element intake across all three treatment cohorts.

Item AAC COMBO INR SEM p-Value

Feed intake, kg/day 10.5 10.0 10.0 0.4 0.49

Co, mg/day 11.6 b 15.0 a 14.9 a 0.5 <0.01

Cu, mg/day 220.9 a 186.1 b 186.8 b 7.8 0.004

Mn, mg/day 470.3 a 406.5 b 405.1 b 16.2 0.01

Zn, mg/day 813.2 a 729.0 b 726.6 b 28.7 0.06
Means with different superscripts differ significantly (p ≤ 0.05).
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For differences in serum samples, Co concentrations were similar in statistical trends
to those of liver samples, where all three groups significantly increased Co concentrations
from day 0 to day 28 and day 60 (p < 0.001), with no statistical difference between days
28 and 60 nor between any group at any time point (p > 0.05) (Figure 2A). Regarding Cu
concentrations, all three groups significantly increased from day 0 to day 28 and day 60
(p < 0.001), with no statistical difference between days 28 and 60 or between any group at
any time point (p > 0.05) (Figure 2B). Similar to liver samples, no statistical differences were
observed with respect to Mn and Zn concentrations between groups at each time point nor
within each group over time (p > 0.05) (Figure 2C,D).

When comparing the associations between liver and serum mineral concentrations,
Co (ρ = 0.466, p = 2.801 × 10−5; Figure 3A) and Cu (ρ = 0.579, p = 6.592 × 10−8; Figure 3B)
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demonstrated significant positive linear associations (p < 0.05), whereas no statistical linear
association was observed for Mn (p = 0.726; Figure 3C) nor Zn (p = 0.663; Figure 3D).
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3.2. Principal Component Analysis

Initial data processing and filtering of the 59 gene-level transcriptomes in this study
resulted in 17,716 genes being retained for differential expression and clustering analyses
(median library count = 44,216,798 ± 5,441,080). From global gene expression clustering
via PCA, the first nine principal components (PCs) were retained for clustering correlation
analyses, accounting for 56.84% of the total explained variance within the gene expression
dataset (Figure 4A). Following the construction of Spearman’s rank correlation matrix of
metadata components with these PCs (Figure 4B), significant correlations were identified
with respect to all retained PCs. Growth was correlated with PC7 (3.68% variance ex-
plained; r = −0.44, FDR < 0.01) and PC8 (3.18% variance explained; r = −0.32, FDR < 0.10).
The AAC group possessed a significant correlation with PC1 (15.04% variance explained;
r = 0.41, FDR < 0.05). The COMBO group possessed significant correlations with PC2
(11.37% variance explained; r = 0.37, FDR < 0.05), PC4 (4.72% variance explained; r = 0.34,
FDR < 0.05), and PC8 (3.18% variance explained; r = 0.45, FDR < 0.01). The INR group
possessed significant correlations with PC4 (r = −0.52, FDR < 0.01) and PC7 (r = 0.31,
FDR < 0.10). Serum mineral concentrations from both day 0 and 28 of the study possessed
multiple PC correlations; of particular interest was PC4, which was correlated with Cu
(r = 0.30, FDR < 0.10), Mn (r = −0.55, FDR < 0.01), and Zn (r = 0.49, FDR < 0.01) at day 0 and
Cu (r = −0.42, FDR < 0.05) and Zn (r = 0.36, FDR < 0.05) at day 28. The genes determined to
be driving the explained variation within each PC significantly correlated with supplement
groups are found in Figure 4C. Genes consistently driving variance for these PCs were
ADAT1, GLRX3, LGALS3, LOC786987, MEI1, MTCP1, PIK3AP1, PRDM5, PRPF19, SYN1,
TMEM132B, and U2SURP. A biplot of PC1 and PC2 was generated to assess dissimilarities
based on the PCs explaining the most variance, with association with the AAC and COMBO
groups; the AAC and COMBO samples demonstrated the most dissimilarity, while the INR
group appeared to have the highest amount of intragroup variance (Figure 4D).
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Animals 2024, 14, 2186 11 of 22

captured between each PC and metadata component; yellow/white cells represent a higher positive
value, and purple/black cells represent a lower negative value. Significance was calculated through
FDR adjustments and is indicated by * FDR < 0.10, ** FDR < 0.05, or *** FDR < 0.01. (C) Loadings
plot graph of the top 0.1% annotated genes driving associated variation and directionality (y-axis)
of PC1, PC2, PC4, PC7, and PC8; genes identified by variance are seen as the most responsible for
driving variation with each of the aforementioned PCs. Color (dark yellow to dark purple; positive to
negative) demonstrates the corresponding directionality of expression and strength of influence for
each gene within each PC. (D) Biplot of PC1 and PC2, which possess significant correlation with AAC
and COMBO supplementation groups, respectively. Samples were colored by supplementation group
(black = AAC, purple = COMBO, red = INR) and shaped by time point (triangle = D0 (T1), diamond
= D13 (T2), large circle = D28 (T3), small circle = D45 (T4), square = D60 (T5)). Individual plots
(vectors) represent the PC score of the individual sample by gene expression, and vector distances
along the x- and y-axes represent the total variational influence. Ellipses were calculated from
multivariate t-distributions and encompassed 80% confidence levels of expressional t-distribution
across all time points.

3.3. Differential Gene Expression Analysis

Differential gene expression analysis between the three supplement groups yielded a
total of 156 DEGs (Supplemental File S3). When comparing AAC to COMBO, a total of
40 DEGs were identified, with 38 on day 0, one on day 13, and one on day 28. Because day
0 differential gene expression does not represent trace element supplementation and so few
DEGs were identified in the subsequent study days, no functional enrichments were identified
between AAC and COMBO. When comparing COMBO to INR, eight DEGs were identified,
all of which were on day 0; no functional enrichments were found between COMBO and INR.

When comparing AAC to INR, a total of 39 DEGs were identified: one on day 0, 18
on day 13, three on day 28, 16 on day 45, and one on day 60. On day 13, DEGs found
between AAC and INR were enriched for 139 GO terms and 47 pathways. Enriched GO
terms were primarily related to cell surface activity (increased in AAC), protein binding and
transmembrane receptor signaling (increased in AAC), ATPase activity (increased in AAC),
neutrophil degranulation (decreased in AAC), B- and T-cell activation/proliferation (increased
in AAC), and cellular response to interleukins 4, 7, and 10 (increased in AAC). Enriched
pathways were primarily related to carbohydrate metabolism and collagen biosynthesis
(increased in AAC), platelet activation and hemostasis (decreased in AAC), metabolism of
fat-soluble vitamins (increased in AAC), collagen biosynthesis (increased in AAC), and MHC
class I antigen presentation (increased in AAC). The time-course trends of the genes driving
several of these functional enrichments are found in Figure 5.

On day 28, DEGs were found between AAC and INR enriched for 23 GO terms and two
pathways. Enriched GO terms were primarily related to nervous system development (de-
creased in AAC), neutrophil degranulation and immunological defense response (decreased
in AAC), and cellular differentiation (decreased in AAC). Enriched pathways were the B-cell
receptor signaling pathway (decreased in AAC) and osteoclast differentiation (decreased in
AAC). The time-course trends of the genes driving several of these functional enrichments are
found in Figure 6.

On day 45, DEGs found between AAC and INR were enriched for 101 GO terms and
27 pathways. Enriched GO terms were primarily related to neutrophil degranulation (de-
creased in AAC), negative regulation of interferon-alpha production (decreased in AAC),
lipoprotein/lipopolysaccharide binding (decreased in AAC), fatty acid ligase activity (de-
creased in AAC), B- and T-cell activation (increased in AAC), response to interleukin 7
(increased in AAC), and the positive regulation of interleukins 10 and 12 (increased in AAC).
Enriched pathways were primarily related to B-cell receptor signaling (decreased in AAC),
interferon signaling (decreased in AAC), bile acid and salt metabolism/synthesis (decreased
in AAC), and neutrophil degranulation (decreased in AAC). The time-course trends of the
genes driving several of these functional enrichments are found in Figure 7. All functional
enrichments found for each comparison are found in Supplemental File S4.
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Figure 5. Fitted gene expression modules of genes driving significant functional enrichments between
AAC and INR at day 13. Points and bars represent the estimated mean and confidence intervals
of normalized expression values for each group within each timepoint, respectively, based on the
fitted regression model from glmmSeq. Stars (*) represent significant differential expression based on
edgeR analysis (FDR < 0.10). Fitted plots represent the relative expression for (A) HSPD1, (B) HSPA5,
(C) HPSE, and (D) PRPS1.
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Figure 6. Fitted gene expression modules of genes driving significant functional enrichments between
AAC and INR at day 28. Points and bars represent the estimated mean and confidence intervals
of normalized expression values for each group within each timepoint, respectively, based on the
fitted regression model from glmmSeq. Stars (*) represent significant differential expression based
on edgeR analysis (FDR < 0.10). Fitted plots represent the relative expression for (A) LOC790255
(LILRA6), (B) LOC618416 (LILRA6), and (C) FOXB1.
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3.4. Trend-Wise Gene Expression Analyses

Dynamic changes in gene expression were evaluated for all three groups across all five
time points, resulting in the identification of 259, 521, and 268 dynamic genes identified
within AAC, COMBO, and INR, respectively (Supplemental File S5). The trends in gene
expression after the identification of a breakpoint (“Up”, “Down”, “Stabilized”), or the
lack of a breakpoint (“None”), were further examined within each group. For AAC, 40, 29,
101, and 89 genes were identified as “Up”, “Down”, “Stabilized”, or “None”, respectively.
For COMBO, 58, 16, 89, and 358 genes were identified as “Up”, “Down”, “Stabilized”, or
“None”, respectively. For INR, 15, 77, 143, and 33 genes were identified as “Up”, “Down”,
“Stabilized”, or “None”, respectively. Visualization of the number and overlapping of
significantly trended genes by group and breakpoint directionality is found in Figure 8.
When evaluating gene trend count interactions via the Upset plot, very few overlaps were
identified. However, one major overlap identified with respect to the same trend was that
of “Stabilized” gene expression within AAC and COMBO, highlighted by seven genes:
CPT1A, FCGRT, LOC101905776, LOC104971307, LOC514978, PDK4, and ZDHHC3.

Functional enrichments of trended genes found within each group were identified
(Supplemental File S6). The total number of enriched GO terms and pathways for gene
trends within each group are found in Table 3. For AAC “Up” genes, enrichments were pri-
marily related to the metabolism and translation of RNA, innate immunity, and neutrophil
degranulation. For AAC “Down” genes, enrichments were primarily related to amino acid
and carbohydrate metabolism, DNA repair and cell cycle, cell membrane signaling and re-
ception, and fatty acid transport. For AAC “Stabilized” genes, enrichments were primarily
related to innate immunity, lipid/fatty acid metabolism, phagocytosis, antigen presentation
via MHC class I, and ATPase activity. No significant enrichments were identified for AAC
“None” genes. For COMBO “Up” genes, enrichments were related to ubiquitin-protein
transferase activity, negative regulation of smooth muscle cell differentiation, and negative
regulation of miRNA transcription by RNA polymerase II. For the COMBO “Down” genes,
enrichments were primarily related to DNA binding and repair mechanisms and cell mi-
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crotubule activity. No significant enrichments were identified for COMBO “Stabilized”
genes. For COMBO “None” genes, enrichments were primarily related to B-cell receptor
signaling, interleukin receptor signaling, and mitochondrial activity. For INR “Up” genes,
enrichments were primarily related to DNA synthesis and cell cycle, cellular response to
stress and external stimuli, heat shock protein production and binding, interleukin 17 sig-
naling, response to interleukin 4, antigen processing and presentation, and mitochondrial
translation. No significant enrichments were identified for INR “Down” genes. For INR
“Stabilized” genes, enrichments were primarily related to cholesterol and steroid biosynthe-
sis, NF-kappa B signaling, B-cell receptor signaling, inflammasomes, and AMP binding.
For INR “None” genes, enrichments were primarily related to innate immunity, cellular
response to stress and external stimuli, heat shock protein production and binding, DNA
synthesis and cell cycle, autophagy and antigen presentation, neutrophil degranulation, T-,
leukocyte, and dendritic cell chemotaxis, and post-translational modification.
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between each analysis are demonstrated by the bar graph. Dots and lines indicate if genes were
identified between two or more analyses.
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Table 3. Total number of significant functional enrichments (Gene Ontology (GO), pathways (KEGG and
Reactome)) identified by dynamically expressed genes within each group (AAC, COMBO, and INR).

Number of Enriched GO Terms

Up Down Stabilized None

AAC 34 35 20 0

COMBO 3 25 0 15

INR 84 0 15 47

Number of Enriched KEGG and Reactome Pathway

Up Down Stabilized None

AAC 27 21 12 0

COMBO 0 4 0 11

INR 31 0 9 39

4. Discussion

Trace mineral supplementation is performed via indirect methods, such as pasture
fertilization, or direct methods, such as mineral licks, oral drenches, boluses, and/or
parenteral injections. However, factors such as season, individual animal preferences and
behavioral patterns, mineral palatability, and delivery methods influence mineral intake,
often resulting in over- or underconsumption within the herd [51]. While free-choice
minerals are commonly provided to grazing cattle, they do not guarantee optimal intake.
As such, energy fortification and protein supplementation are often recommended to
ensure proper trace element intake, albeit with potential increases in production costs [52].
To mitigate costs, producers may reduce supplementation frequency, although limited
research exists on its impact on performance and physiological parameters. Therefore, the
present study serves to investigate this area by evaluating the effects of three trace element
supplementation protocols on liver and serum mineral concentrations and whole blood
gene expression dynamics in high-risk stocker cattle. Through this research, our goal is
to elucidate the potential immunomodulatory and metabolic shifts associated with these
strategies over time.

Previous research has been performed with cattle in an effort to identify immunological
changes associated with supplied minerals and subsequent biological concentrations [53–60].
Importantly, our work differs from the aforementioned studies in that we leveraged both liver
and serum mineral concentrations while comprehensively targeting systemic gene (mRNA)
expression in a time-course manner; our approach may provide improved insights to up-
and downstream organ systems in relation to mineral supplement protocols instead of from
targeted tissue types such as liver or muscle [61]. Moreover, our work utilizes commercial
high-risk stocker cattle to capture information related to management programs routinely
enrolled in post-weaned cattle production systems. However, several limitations exist in
this study. First, our design lacks a control group, and therefore the findings should not be
interpreted for effect but for comparison. Additionally, background information related to
prior management and genetics for these animals is unknown. While this is a common feature
of high-risk cattle management, the association of mineral supplement protocols with prior
exposures, such as vaccination, health events, potential progeny differences, and maternal
conditioning, is unknown in this study and warrants dedicated research [56,62–66]. Finally,
interactions between the gastrointestinal and/or respiratory microbial communities and trace
element absorption, with accompanying immunological alterations, were not accounted for in
this study and are an important topic in cattle health and management research [67–69].

4.1. Liver and Serum Mineral Concentrations

Liver and serum cobalt (Co) and copper (Cu) concentrations increased significantly
over the first 28 days across all three supplementation groups. This observed increase may
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suggest efficient bioavailability and accumulation of Co and Cu, indicating the metabolic
utilization of these elements within the liver [21]. The lack of significant differences between
these groups in the first 28 days indicates that the type of supplementation (organic or
inorganic) did not significantly influence Co and Cu accumulation [21,63]. However, liver
concentrations of Cu, which may more accurately represent bioavailability, demonstrated a
more distinct response compared to serum concentrations [63].

First, Cu concentrations were significantly higher across all three groups at day 60 com-
pared to day 28, suggesting a linear increase over time in terms of hepatic absorption,
regardless of supplement regimen. And second, the COMBO group displayed significantly
higher copper concentrations compared to the AAC group on day 60. This finding sug-
gests potential synergistic effects between the supplemented trace elements or differential
metabolic pathways influenced by the combined supplementation, as seen by differences
in the “Down” trending genes and enrichments between the AAC and COMBO groups.
Moreover, the positive linear associations observed between liver and serum Co and Cu
concentrations suggest coordinated regulation or similar metabolic pathways governing
the homeostasis of these trace elements within the body. These findings underscore the
importance of considering systemic mineral dynamics and interrelations when assessing
the effects of supplementation.

The lack of significant differences in manganese (Mn) and zinc (Zn) concentrations
between groups at any time point or within each group over time indicates that the chosen
supplementation regimens did not significantly affect the accumulation of these minerals
in the liver or serum. While research suggests that Mn and Zn supplement enhances
performance (i.e., weight gain, dietary efficiency) and anabolic processes in commercial
beef cattle, the source of these elements may not be as important as the general availability
within forages [57,70–75]. However, notable limitations of this study to comprehensively
address the relative effects of Mn and Zn supplementation on transient liver and serum
accumulation, in addition to dynamic gene expression, are related to the lack of a negative
control group and high-frequency sampling closer to the time point of arrival. It is possible
that key biological features influenced by Zn or Mn were missed because they occur early
on once cattle begin consuming or are administered these products. Future research direc-
tions focusing on addressing these research gaps and investigating the effect of differing
geographical locations and production stages in North American beef production systems
are highly warranted.

4.2. Whole Blood Gene Expression Dynamics

When evaluating sample dissimilarity through PCA, global gene expression patterns
appeared to be greatly influenced, specifically by AAC and COMBO supplements, while
INR effects were far more variable. Moreover, the same genes, ADAT1, GLRX3, LGALS3,
LOC786987, MEI1, MTCP1, PIK3AP1, PRDM5, PRPF19, SYN1, TMEM132B, and U2SURP,
were drivers of gene expression patterns (PCs), which possessed significant correlations
with the growth rates, supplement allocations, and serum and liver mineral concentrations
of these cattle. Of particular interest in immunity and inflammatory signaling, previous
research has implicated the importance of these genes with cell survival, inflammatory
regulation, and lymphocyte activity [76–87]. Moreover, when evaluating trend-wise gene
expression over time, consistent “Stabilized” gene expression patterns were found between
the AAC and COMBO groups. These shared genes have been identified as important
molecules associated with lipid metabolism, glucocorticoid responsiveness, and immuno-
logical development and signaling in cattle [88–92]. Furthermore, through a pairwise
comparison of groups at each timepoint, minimal differences were observed between the
AAC and COMBO groups. While this is relatively expected, considering the only difference
between these groups was the administration of the trace mineral drench product (Profu-
sion) upon arrival, more transient effects of the drench product may have been observed if
sampling had been performed more frequently (e.g., hourly, daily after administration).
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These effects may play a critical role in modulating immunity in a more acute fashion and
warrant further research.

Differential expression analysis revealed significant alterations in gene expression
profiles between the AAC and INR groups, particularly evident on days 13, 28, and 45. On
day 13, differences seen between the AAC and INR groups were primarily related to cell
surface activity, transmembrane receptor signaling, ATPase activity, neutrophil degran-
ulation, lymphocyte activation, MCH class I antigen presentation, and IL-4, -7, and -10
cellular activity. The upregulation of genes associated with B- and T-cell activation and
proliferation, accompanied by these interleukin-linked gene expression patterns, suggests
a potential enhancement of adaptive immune response and homeostasis in cattle receiving
AAC supplementation in the first two weeks following facility arrival, when compared
to INR supplementation, possibly through dendritic cell-dependent activity [93–98]. Con-
versely, decreased expression of genes related to neutrophil degranulation and platelet
activation in AAC compared to INR may reflect alterations in inflammatory and hemostatic
processes or a shift in immunological tendencies (i.e., innate versus adaptive immunity
reliance) between these two groups.

By day 28, a reduction in the number of DEGs was observed; however, significant
enrichment of functional enrichments related to nervous system development, immune
responses, and cellular differentiation persisted between AAC and INR cattle. The downreg-
ulation of genes in AAC cattle compared to INR cattle involved in B-cell receptor signaling
and osteoclast differentiation may suggest a delay in the response around lymphocytic
proliferation and physiological development that was comparatively observed earlier (D13)
in AAC cattle, albeit through different genes and cellular mechanisms.

On day 45, differentially expressed genes and accompanying enrichments identified
between AAC and INR cattle were primarily related to immunological regulation, lipid
metabolism, and cytokine signaling. Notably, decreased expression of genes in AAC cattle
when compared to INR cattle involved in interferon signaling and bile acid metabolism
may suggest potential long-term modulation of inflammatory and metabolic pathways
in response to organically sourced trace mineral supplementation [99,100]. Furthermore,
the persistent upregulation of genes related to lymphocytic activation underscores the
potential immunomodulatory effects of organically sourced trace minerals compared to
inorganically sourced trace minerals.

5. Conclusions

This study aids in providing a more comprehensive understanding of the complex
interactions between trace element supplementation, mineral metabolism, and gene ex-
pression dynamics, specifically focused on the immune system. Further investigations are
warranted to elucidate the specific molecular pathways and regulatory networks underly-
ing the observed effects, potentially driving precision-based supplementation strategies
and therapeutic interventions targeting trace element deficiencies or imbalances in high-risk
settings. Additionally, future studies may explore additional time points and cross-system
(cow-calf to stocker; stocker to feedlot) assessments to further delineate the temporal dy-
namics of mineral accumulation and immunological changes. Additionally, the future
integration of multi-omics approaches, including incorporating genetic, metabolomic, and
metagenomic sequencing data, may provide a more comprehensive understanding of the
systemic effects of trace element supplementation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani14152186/s1, File S1: Liver and serum mineral concentrations
from all disease-free cattle; File S2: Metadata for all sequenced healthy cattle samples; File S3:
Differentially expressed genes identified between groups through glmmSeq (FDR < 0.05) and edgeR
glmQLF testing (FDR < 0.10); File S4: Functional enrichments identified from DEGs discovered
through glmmSeq and edgeR testing (FDR < 0.05); File S5: Trend-wise expression of significant genes
by trace element supplement group; File S6: Functionally enriched GO terms and pathways for gene
trends by supplement group (FDR < 0.05).

https://www.mdpi.com/article/10.3390/ani14152186/s1
https://www.mdpi.com/article/10.3390/ani14152186/s1


Animals 2024, 14, 2186 18 of 22

Author Contributions: Conceptualization, K.M.H., B.B.K.; methodology, M.A.S., K.M.H., B.B.K.,
A.R.W.; software, M.A.S.; validation, M.A.S., K.M.H.; formal analysis, M.A.S., R.M.T.; investigation,
M.A.S., K.M.H., B.B.K., A.R.W., R.M.T.; resources, K.M.H., B.B.K., J.R.R., C.L.E.; data curation, M.A.S.,
R.M.T.; writing—original draft preparation, M.A.S., K.M.H.; writing—review and editing, M.A.S.,
K.M.H., B.B.K., A.R.W., R.M.T., J.R.R., C.L.E.; visualization, M.A.S., R.M.T.; supervision, K.M.H.,
B.B.K., A.R.W.; project administration, K.M.H., B.B.K., J.R.R., C.L.E.; funding acquisition, K.M.H.,
B.B.K., A.R.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by Zinpro Corporation (Eden Prairie, MN; Grant No. G00006247)
and the Mississippi Agricultural and Forestry Experiment Station (MAFES) Strategic Research Initiative.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee of Mississippi State University (IACUC protocol #21-390; approved
24 September 2021).

Informed Consent Statement: Not applicable for this study, as cattle were owned and maintained
by Mississippi State University–Prairie Research Unit.

Data Availability Statement: The data presented in this study are openly available in the National
Center for Biotechnology Information Gene Expression Omnibus (NCBI-GEO), under the accession
number GSE225397.

Acknowledgments: The authors thank Andrew Hillhouse, Nicholas Wolff, Bianca Willis, Sarah
Sharpton, and the staff of the Texas A&M Institute for Genome Sciences and Society (TIGSS) for
their effort and support in the sequencing and quality control of the samples utilized in this project.
The authors thank Cory Wolfe, Dana Burk, Rachel Huff, and the students and staff of the VERO
Research Laboratory for their assistance in sample handling and processing. The authors thank
Libby Durst, Madeline McKnight, and Erista Albritton of the Mississippi Agricultural and Forestry
Experiment Station Prairie Research Unit for their assistance and support of all sample collection and
live animal work.

Conflicts of Interest: Jason R. Russell and Chanda L. Engel were employed by Zinpro Corporation
during this study, which produce trace mineral products used in this study. The remaining authors
declare that the research was conducted in the absence of any commercial or financial relationships
that could be construed as a potential conflict of interest.

References
1. Credille, B. High-Risk Cattle Management and Stocker Calf Health. Vet. Clin. N. Am. Food Anim. Pract. 2022, 38, 229–243.

[CrossRef] [PubMed]
2. Richeson, J.T.; Hughes, H.D.; Broadway, P.R.; Carroll, J.A. Vaccination Management of Beef Cattle. Vet. Clin. N. Am. Food Anim.

Pract. 2019, 35, 575–592. [CrossRef] [PubMed]
3. Falkner, T.R. Wellness Management in Beef Feeder Cattle. Vet. Clin. N. Am. Food Anim. Pract. 2022, 38, 273–294. [CrossRef]

[PubMed]
4. Groves, J.T. Details to Attend to When Managing High-Risk Cattle. Vet. Clin. N. Am. Food Anim. Pract. 2020, 36, 445–460.

[CrossRef]
5. Cummings, D.B.; Groves, J.T.; Turner, B.L. Assessing the Role of Systems Thinking for Stocker Cattle Operations. Vet. Sci. 2023,

10, 69. [CrossRef] [PubMed]
6. Grotelueschen, D.M.; Funk, R.A.; Groves, J.T.; Goldsmith, T.J.; Vander Ley, B. Current Reality of Beef Cattle Veterinary Practice in

North America. Vet. Clin. N. Am. Food Anim. Pract. 2022, 38, 317–333. [CrossRef] [PubMed]
7. González, L.A.; Schwartzkopf-Genswein, K.S.; Bryan, M.; Silasi, R.; Brown, F. Benchmarking Study of Industry Practices during

Commercial Long Haul Transport of Cattle in Alberta, Canada. J. Anim. Sci. 2012, 90, 3606–3617. [CrossRef] [PubMed]
8. Taylor, J.D.; Fulton, R.W.; Lehenbauer, T.W.; Step, D.L.; Confer, A.W. The Epidemiology of Bovine Respiratory Disease: What Is

the Evidence for Predisposing Factors? Can. Vet. J. 2010, 51, 1095–1102.
9. Griffin, D. Economic Impact Associated with Respiratory Disease in Beef Cattle. Vet. Clin. N. Am. Food Anim. Pract. 1997, 13,

367–377. [CrossRef]
10. Suttle, N.F.; Jones, D.G. Recent Developments in Trace Element Metabolism and Function: Trace Elements, Disease Resistance

and Immune Responsiveness in Ruminants. J. Nutr. 1989, 119, 1055–1061. [CrossRef]
11. Cheek, R.A.; Kegley, E.B.; Russell, J.R.; Reynolds, J.L.; Midkiff, K.A.; Galloway, D.; Powell, J.G. Supplemental Trace Minerals as

Complexed or Inorganic Sources for Beef Cattle during the Receiving Period. J. Anim. Sci. 2024, 102, skae056. [CrossRef]
12. Underwood, E.J.; Suttle, N.F. The Mineral Nutrition of Livestock, 3rd ed.; CABI Publishing: Oxfordshire, UK, 1999;

ISBN 9780851991283.

https://doi.org/10.1016/j.cvfa.2022.03.001
https://www.ncbi.nlm.nih.gov/pubmed/35691626
https://doi.org/10.1016/j.cvfa.2019.07.003
https://www.ncbi.nlm.nih.gov/pubmed/31590903
https://doi.org/10.1016/j.cvfa.2022.02.007
https://www.ncbi.nlm.nih.gov/pubmed/35691629
https://doi.org/10.1016/j.cvfa.2020.02.005
https://doi.org/10.3390/vetsci10020069
https://www.ncbi.nlm.nih.gov/pubmed/36851373
https://doi.org/10.1016/j.cvfa.2022.02.008
https://www.ncbi.nlm.nih.gov/pubmed/35691631
https://doi.org/10.2527/jas.2011-4770
https://www.ncbi.nlm.nih.gov/pubmed/22665628
https://doi.org/10.1016/S0749-0720(15)30302-9
https://doi.org/10.1093/jn/119.7.1055
https://doi.org/10.1093/jas/skae056


Animals 2024, 14, 2186 19 of 22

13. Spears, J.W.; Weiss, W.P. Role of Antioxidants and Trace Elements in Health and Immunity of Transition Dairy Cows. Vet. J. 2008,
176, 70–76. [CrossRef]

14. Olson, K.C. Management of Mineral Supplementation Programs for Cow-Calf Operations. Vet. Clin. N. Am. Food Anim. Pract.
2007, 23, 69–90. [CrossRef]

15. López-Alonso, M. Trace Minerals and Livestock: Not Too Much Not Too Little. ISRN Vet. Sci. 2012, 2012, 1–18. [CrossRef]
[PubMed]

16. Pereira, C.H.; Patino, H.O.; Hoshide, A.K.; Abreu, D.C.; Alan Rotz, C.; Nabinger, C. Grazing Supplementation and Crop
Diversification Benefits for Southern Brazil Beef: A Case Study. Agric. Syst. 2018, 162, 1–9. [CrossRef]

17. Greene, L.W. Designing Mineral Supplementation of Forage Programs for Beef Cattle. J. Anim. Sci. 2000, 77, 1. [CrossRef]
18. Percie Du Sert, N.; Hurst, V.; Ahluwalia, A.; Alam, S.; Avey, M.T.; Baker, M.; Browne, W.J.; Clark, A.; Cuthill, I.C.; Dirnagl, U.; et al.

The ARRIVE Guidelines 2.0: Updated Guidelines for Reporting Animal Research. PLoS Biol. 2020, 18, e3000410. [CrossRef]
19. Cordero, J.F.; Harvey, K.M.; Drewery, M.E.; McKnight, M.G.; Karisch, B.B.; Durst, L.S.; Colombo, E.A.; Cooke, R.F.; Russell, J.R.

Impacts of Trace Mineral Source and Ancillary Drench on Steer Performance during a 60-Day Backgrounding Phase. Animal 2024,
18, 101080. [CrossRef]

20. Nutrient Requirements of Beef Cattle, 8th Revised Edition; National Academies Press: Washington, DC, USA, 2015; ISBN 9780309317023.
21. Marques, R.S.; Cooke, R.F.; Rodrigues, M.C.; Cappellozza, B.I.; Mills, R.R.; Larson, C.K.; Moriel, P.; Bohnert, D.W. Effects of

Organic or Inorganic Cobalt, Copper, Manganese, and Zinc Supplementation to Late-Gestating Beef Cows on Productive and
Physiological Responses of the Offspring. J. Anim. Sci. 2016, 94, 1215–1226. [CrossRef]

22. Lippolis, K.D.; Cooke, R.F.; Silva, L.G.T.; Schubach, K.M.; Brandao, A.P.; Marques, R.S.; Larson, C.K.; Russell, J.R.; Arispe,
S.A.; DelCurto, T.; et al. Effects of Organic Complexed or Inorganic Co, Cu, Mn and Zn Supplementation during a 45-Day
Preconditioning Period on Productive and Health Responses of Feeder Cattle. Animal 2017, 11, 1949–1956. [CrossRef]

23. Arthington, J.; Corah, L. Liver Biopsy Procedures for Determining the Trace Mineral Status in Beef Cows; Part II (Video, AI 8134);
Cooperative Extension Service, Kansas State University: Manhattan, KS, USA, 1995.

24. Braselton, W.E.; Stuart, K.J.; Mullaney, T.P.; Herdt, T.H. Biopsy Mineral Analysis by Inductively Coupled Plasma—Atomic
Emission Spectroscopy with Ultrasonic Nebulization. J. Vet. Diagn. Investig. 1997, 9, 395–400. [CrossRef] [PubMed]

25. Bates, D.; Mächler, M.; Bolker, B.; Walker, S. Fitting Linear Mixed-Effects Models Using Lme4. J. Stat. Soft. 2015, 67, 48. [CrossRef]
26. Wickham, H. Data Analysis. In ggplot2; Springer International Publishing: Cham, Switzerland, 2016; pp. 189–201.

ISBN 9783319242750.
27. Ewels, P.; Magnusson, M.; Lundin, S.; Käller, M. MultiQC: Summarize Analysis Results for Multiple Tools and Samples in a

Single Report. Bioinformatics 2016, 32, 3047–3048. [CrossRef] [PubMed]
28. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A Flexible Trimmer for Illumina Sequence Data. Bioinformatics 2014, 30,

2114–2120. [CrossRef] [PubMed]
29. Kim, D.; Paggi, J.M.; Park, C.; Bennett, C.; Salzberg, S.L. Graph-Based Genome Alignment and Genotyping with HISAT2 and

HISAT-Genotype. Nat. Biotechnol. 2019, 37, 907–915. [CrossRef] [PubMed]
30. Danecek, P.; Bonfield, J.K.; Liddle, J.; Marshall, J.; Ohan, V.; Pollard, M.O.; Whitwham, A.; Keane, T.; McCarthy, S.A.; Davies, R.M.;

et al. Twelve Years of SAMtools and BCFtools. GigaScience 2021, 10, giab008. [CrossRef] [PubMed]
31. Pertea, M.; Pertea, G.M.; Antonescu, C.M.; Chang, T.-C.; Mendell, J.T.; Salzberg, S.L. StringTie Enables Improved Reconstruction

of a Transcriptome from RNA-Seq Reads. Nat. Biotechnol. 2015, 33, 290–295. [CrossRef] [PubMed]
32. Pertea, M.; Kim, D.; Pertea, G.M.; Leek, J.T.; Salzberg, S.L. Transcript-Level Expression Analysis of RNA-Seq Experiments with

HISAT, StringTie and Ballgown. Nat. Protoc. 2016, 11, 1650–1667. [CrossRef] [PubMed]
33. Scott, M.A.; Woolums, A.R.; Karisch, B.B.; Harvey, K.M.; Capik, S.F. Impact of Preweaning Vaccination on Host Gene Expression

and Antibody Titers in Healthy Beef Calves. Front. Vet. Sci. 2022, 9, 1010039. [CrossRef]
34. Chen, Y.; Lun, A.T.L.; Smyth, G.K. From Reads to Genes to Pathways: Differential Expression Analysis of RNA-Seq Experiments

Using Rsubread and the edgeR Quasi-Likelihood Pipeline. F1000Research 2016, 5, 1438. [CrossRef]
35. Robinson, M.D.; Oshlack, A. A Scaling Normalization Method for Differential Expression Analysis of RNA-Seq Data. Genome Biol.

2010, 11, R25. [CrossRef] [PubMed]
36. Tipping, M.E.; Bishop, C.M. Probabilistic Principal Component Analysis. J. R. Stat. Soc. Ser. B Stat. Methodol. 1999, 61, 611–622.

[CrossRef]
37. Narasimhan, S.; Shah, S.L. Model Identification and Error Covariance Matrix Estimation from Noisy Data Using PCA. Control

Eng. Pract. 2008, 16, 146–155. [CrossRef]
38. McCarthy, D.J.; Chen, Y.; Smyth, G.K. Differential Expression Analysis of Multifactor RNA-Seq Experiments with Respect to

Biological Variation. Nucleic Acids Res. 2012, 40, 4288–4297. [CrossRef] [PubMed]
39. Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. edgeR: A Bioconductor Package for Differential Expression Analysis of Digital Gene

Expression Data. Bioinformatics 2010, 26, 139–140. [CrossRef]
40. Bacher, R.; Leng, N.; Chu, L.-F.; Ni, Z.; Thomson, J.A.; Kendziorski, C.; Stewart, R. Trendy: Segmented Regression Analysis of

Expression Dynamics in High-Throughput Ordered Profiling Experiments. BMC Bioinform. 2018, 19, 380. [CrossRef] [PubMed]
41. Ferreira, M.; Francisco, S.; Soares, A.R.; Nobre, A.; Pinheiro, M.; Reis, A.; Neto, S.; Rodrigues, A.J.; Sousa, N.; Moura, G.; et al.

Integration of Segmented Regression Analysis with Weighted Gene Correlation Network Analysis Identifies Genes Whose
Expression Is Remodeled throughout Physiological Aging in Mouse Tissues. Aging 2021, 13, 18150–18190. [CrossRef]

https://doi.org/10.1016/j.tvjl.2007.12.015
https://doi.org/10.1016/j.cvfa.2006.11.005
https://doi.org/10.5402/2012/704825
https://www.ncbi.nlm.nih.gov/pubmed/23762589
https://doi.org/10.1016/j.agsy.2018.01.009
https://doi.org/10.2527/jas2000.00218812007700ES0013x
https://doi.org/10.1371/journal.pbio.3000410
https://doi.org/10.1016/j.animal.2024.101080
https://doi.org/10.2527/jas.2015-0036
https://doi.org/10.1017/S1751731117001033
https://doi.org/10.1177/104063879700900409
https://www.ncbi.nlm.nih.gov/pubmed/9376429
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1093/bioinformatics/btw354
https://www.ncbi.nlm.nih.gov/pubmed/27312411
https://doi.org/10.1093/bioinformatics/btu170
https://www.ncbi.nlm.nih.gov/pubmed/24695404
https://doi.org/10.1038/s41587-019-0201-4
https://www.ncbi.nlm.nih.gov/pubmed/31375807
https://doi.org/10.1093/gigascience/giab008
https://www.ncbi.nlm.nih.gov/pubmed/33590861
https://doi.org/10.1038/nbt.3122
https://www.ncbi.nlm.nih.gov/pubmed/25690850
https://doi.org/10.1038/nprot.2016.095
https://www.ncbi.nlm.nih.gov/pubmed/27560171
https://doi.org/10.3389/fvets.2022.1010039
https://doi.org/10.12688/f1000research.8987.2
https://doi.org/10.1186/gb-2010-11-3-r25
https://www.ncbi.nlm.nih.gov/pubmed/20196867
https://doi.org/10.1111/1467-9868.00196
https://doi.org/10.1016/j.conengprac.2007.04.006
https://doi.org/10.1093/nar/gks042
https://www.ncbi.nlm.nih.gov/pubmed/22287627
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1186/s12859-018-2405-x
https://www.ncbi.nlm.nih.gov/pubmed/30326833
https://doi.org/10.18632/aging.203379


Animals 2024, 14, 2186 20 of 22

42. Anders, S.; Huber, W. Differential Expression Analysis for Sequence Count Data. Genome Biol. 2010, 11, R106. [CrossRef]
[PubMed]

43. Love, M.I.; Huber, W.; Anders, S. Moderated Estimation of Fold Change and Dispersion for RNA-Seq Data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef]

44. Dong, X.; Tree, J.; Banadyga, L.; He, S.; Zhu, W.; Tipton, T.; Gouriet, J.; Qiu, X.; Elmore, M.J.; Hall, Y.; et al. Linked Mutations in
the Ebola Virus Polymerase Are Associated with Organ Specific Phenotypes. Microbiol. Spectr. 2023, 11, e04154-22. [CrossRef]

45. Conway, J.R.; Lex, A.; Gehlenborg, N. UpSetR: An R Package for the Visualization of Intersecting Sets and Their Properties.
Bioinformatics 2017, 33, 2938–2940. [CrossRef] [PubMed]

46. Khan, A.; Mathelier, A. Intervene: A Tool for Intersection and Visualization of Multiple Gene or Genomic Region Sets. BMC
Bioinform. 2017, 18, 287. [CrossRef] [PubMed]

47. Bu, D.; Luo, H.; Huo, P.; Wang, Z.; Zhang, S.; He, Z.; Wu, Y.; Zhao, L.; Liu, J.; Guo, J.; et al. KOBAS-i: Intelligent Prioritization
and Exploratory Visualization of Biological Functions for Gene Enrichment Analysis. Nucleic Acids Res. 2021, 49, W317–W325.
[CrossRef] [PubMed]

48. Carbon, S.; Mungall, C. Gene Ontology Data Archive; Zenodo: Geneva, Switzerland, 2018.
49. Kanehisa, M. KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids Res. 2000, 28, 27–30. [CrossRef] [PubMed]
50. Fabregat, A.; Sidiropoulos, K.; Viteri, G.; Forner, O.; Marin-Garcia, P.; Arnau, V.; D’Eustachio, P.; Stein, L.; Hermjakob, H. Reactome

Pathway Analysis: A High-Performance in-Memory Approach. BMC Bioinform. 2017, 18, 142. [CrossRef] [PubMed]
51. McDowell, L.R. Feeding Minerals to Cattle on Pasture. Anim. Feed Sci. Technol. 1996, 60, 247–271. [CrossRef]
52. Miller, A.J.; Faulkner, D.B.; Knipe, R.K.; Strohbehn, D.R.; Parrett, D.F.; Berger, L.L. Critical Control Points for Profitability in the

Cow-Calf Enterprise. Prof. Anim. Sci. 2001, 17, 295–302. [CrossRef]
53. Matthews, J.C.; Zhang, Z.; Patterson, J.D.; Bridges, P.J.; Stromberg, A.J.; Boling, J.A. Hepatic Transcriptome Profiles Differ Among

Maturing Beef Heifers Supplemented with Inorganic, Organic, or Mixed (50% Inorganic:50% Organic) Forms of Dietary Selenium.
Biol. Trace Elem. Res. 2014, 160, 321–339. [CrossRef]

54. Afonso, J.; Coutinho, L.L.; Tizioto, P.C.; Da Silva Diniz, W.J.; De Lima, A.O.; Rocha, M.I.P.; Buss, C.E.; Andrade, B.G.N.; Piaya, O.;
Da Silva, J.V.; et al. Muscle Transcriptome Analysis Reveals Genes and Metabolic Pathways Related to Mineral Concentration in
Bos Indicus. Sci. Rep. 2019, 9, 12715. [CrossRef]

55. Smerchek, D.T.; Branine, M.E.; McGill, J.L.; Hansen, S.L. Effects of Supplemental Zn Concentration and Trace Mineral Source on
Immune Function and Associated Biomarkers of Immune Status in Weaned Beef Calves Received into a Feedlot. J. Anim. Sci.
2023, 101, skac428. [CrossRef]

56. Carr, S.N.; Crites, B.R.; Shinde, H.; Bridges, P.J. Transcriptomic Changes in Response to Form of Selenium on the Interferon-Tau
Signaling Mechanism in the Caruncular Tissue of Beef Heifers at Maternal Recognition of Pregnancy. Int. J. Mol. Sci. 2023, 24,
17327. [CrossRef]

57. Carmichael-Wyatt, R.N.; Genther-Schroeder, O.N.; Hansen, S.L. The Influence of Dietary Energy and Zinc Source and Concentra-
tion on Performance, Trace Mineral Status, and Gene Expression of Beef Steers. Transl. Anim. Sci. 2020, 4, txaa207. [CrossRef]
[PubMed]

58. Batistel, F.; Osorio, J.S.; Tariq, M.R.; Li, C.; Caputo, J.; Socha, M.T.; Loor, J.J. Peripheral Leukocyte and Endometrium Molecular
Biomarkers of Inflammation and Oxidative Stress Are Altered in Peripartal Dairy Cows Supplemented with Zn, Mn, and Cu
from Amino Acid Complexes and Co from Co Glucoheptonate. J. Anim. Sci. Biotechnol. 2017, 8, 33. [CrossRef] [PubMed]

59. Pate, R.T.; Cardoso, F.C. Injectable Trace Minerals (Selenium, Copper, Zinc, and Manganese) Alleviate Inflammation and Oxidative
Stress during an Aflatoxin Challenge in Lactating Multiparous Holstein Cows. J. Dairy Sci. 2018, 101, 8532–8543. [CrossRef]
[PubMed]

60. Dermauw, V.; De Cuyper, A.; Duchateau, L.; Waseyehon, A.; Dierenfeld, E.; Clauss, M.; Peters, I.R.; Du Laing, G.; Janssens, G.P.J.
A Disparate Trace Element Metabolism in Zebu (Bos Indicus) and Crossbred (Bos Indicus × Bos Taurus) Cattle in Response to a
Copper-Deficient Diet. J. Anim. Sci. 2014, 92, 3007–3017. [CrossRef] [PubMed]

61. Basu, M.; Wang, K.; Ruppin, E.; Hannenhalli, S. Predicting Tissue-Specific Gene Expression from Whole Blood Transcriptome. Sci.
Adv. 2021, 7, eabd6991. [CrossRef] [PubMed]

62. Van Emon, M.; Sanford, C.; McCoski, S. Impacts of Bovine Trace Mineral Supplementation on Maternal and Offspring Production
and Health. Animals 2020, 10, 2404. [CrossRef] [PubMed]

63. Spears, J.W.; Brandao, V.L.N.; Heldt, J. Invited Review: Assessing Trace Mineral Status in Ruminants, and Factors That Affect
Measurements of Trace Mineral Status. Appl. Anim. Sci. 2022, 38, 252–267. [CrossRef]

64. Martens, H.; Leonhard-Marek, S.; Röntgen, M.; Stumpff, F. Magnesium Homeostasis in Cattle: Absorption and Excretion. Nutr.
Res. Rev. 2018, 31, 114–130. [CrossRef]

65. Tizioto, P.C.; Gromboni, C.F.; De Araujo Nogueira, A.R.; De Souza, M.M.; De Alvarenga Mudadu, M.; Tholon, P.; Rosa, A.D.N.;
Tullio, R.R.; Medeiros, S.R.; Nassu, R.T.; et al. Calcium and Potassium Content in Beef: Influences on Tenderness and Associations
with Molecular Markers in Nellore Cattle. Meat Sci. 2014, 96, 436–440. [CrossRef]

66. Holló, G.; Nuernberg, K.; Holló, I.; Csapó, J.; Seregi, J.; Repa, I.; Ender, K. Effect of Feeding on the Composition of Longissmus
Muscle of Hungarian Grey and Holstein Friesian Bulls—III. Amino Acid Composition and Mineral Content. Arch. Anim. Breed.
2007, 50, 575–586. [CrossRef]

https://doi.org/10.1186/gb-2010-11-10-r106
https://www.ncbi.nlm.nih.gov/pubmed/20979621
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1128/spectrum.04154-22
https://doi.org/10.1093/bioinformatics/btx364
https://www.ncbi.nlm.nih.gov/pubmed/28645171
https://doi.org/10.1186/s12859-017-1708-7
https://www.ncbi.nlm.nih.gov/pubmed/28569135
https://doi.org/10.1093/nar/gkab447
https://www.ncbi.nlm.nih.gov/pubmed/34086934
https://doi.org/10.1093/nar/28.1.27
https://www.ncbi.nlm.nih.gov/pubmed/10592173
https://doi.org/10.1186/s12859-017-1559-2
https://www.ncbi.nlm.nih.gov/pubmed/28249561
https://doi.org/10.1016/0377-8401(96)00983-2
https://doi.org/10.15232/S1080-7446(15)31643-0
https://doi.org/10.1007/s12011-014-0050-4
https://doi.org/10.1038/s41598-019-49089-x
https://doi.org/10.1093/jas/skac428
https://doi.org/10.3390/ijms242417327
https://doi.org/10.1093/tas/txaa207
https://www.ncbi.nlm.nih.gov/pubmed/33409464
https://doi.org/10.1186/s40104-017-0163-7
https://www.ncbi.nlm.nih.gov/pubmed/28469842
https://doi.org/10.3168/jds.2018-14447
https://www.ncbi.nlm.nih.gov/pubmed/29935830
https://doi.org/10.2527/jas.2013-6979
https://www.ncbi.nlm.nih.gov/pubmed/24829510
https://doi.org/10.1126/sciadv.abd6991
https://www.ncbi.nlm.nih.gov/pubmed/33811070
https://doi.org/10.3390/ani10122404
https://www.ncbi.nlm.nih.gov/pubmed/33339123
https://doi.org/10.15232/aas.2021-02232
https://doi.org/10.1017/S0954422417000257
https://doi.org/10.1016/j.meatsci.2013.08.001
https://doi.org/10.5194/aab-50-575-2007


Animals 2024, 14, 2186 21 of 22

67. Palomares, R.A. Trace Minerals Supplementation with Great Impact on Beef Cattle Immunity and Health. Animals 2022, 12, 2839.
[CrossRef] [PubMed]

68. Hummel, G.; Woodruff, K.; Austin, K.; Knuth, R.; Lake, S.; Cunningham-Hollinger, H. Late Gestation Maternal Feed Restriction
Decreases Microbial Diversity of the Placenta While Mineral Supplementation Improves Richness of the Fetal Gut Microbiome in
Cattle. Animals 2021, 11, 2219. [CrossRef] [PubMed]

69. Galbraith, M.L.; Vorachek, W.R.; Estill, C.T.; Whanger, P.D.; Bobe, G.; Davis, T.Z.; Hall, J.A. Rumen Microorganisms Decrease
Bioavailability of Inorganic Selenium Supplements. Biol. Trace Elem. Res. 2016, 171, 338–343. [CrossRef] [PubMed]

70. Genther-Schroeder, O.N.; Branine, M.E.; Hansen, S.L. The Effects of Increasing Supplementation of Zinc-Amino Acid Complex on
Growth Performance, Carcass Characteristics, and Inflammatory Response of Beef Cattle Fed Ractopamine Hydrochloride. J.
Anim. Sci. 2016, 94, 3389–3398. [CrossRef] [PubMed]

71. Genther-Schroeder, O.N.; Branine, M.E.; Hansen, S.L. The Influence of Supplemental Zn-Amino Acid Complex and Ractopamine
Hydrochloride Feeding Duration on Growth Performance and Carcass Characteristics of Finishing Beef Cattle. J. Anim. Sci. 2016,
94, 4338–4345. [CrossRef] [PubMed]

72. Carmichael, R.N.; Genther-Schroeder, O.N.; Blank, C.P.; Deters, E.L.; Hartman, S.J.; Niedermayer, E.K.; Hansen, S.L. The Influence
of Supplemental Zinc and Ractopamine Hydrochloride on Trace Mineral and Nitrogen Retention of Beef Steers. J. Anim. Sci. 2018,
96, 2939–2948. [CrossRef] [PubMed]

73. Valero, G.; Alley, M.R.; Badcoe, L.M.; Manktelow, B.W.; Merrall, M.; Lawes, G.S. Chondrodystrophy in Calves Associated with
Manganese Deficiency. N. Z. Vet. J. 1990, 38, 161–167. [CrossRef]

74. Spears, J.W. Boron, Chromium, Manganese, and Nickel in Agricultural Animal Production. Biol. Trace Elem. Res. 2019, 188, 35–44.
[CrossRef]

75. Langova, L.; Novotna, I.; Nemcova, P.; Machacek, M.; Havlicek, Z.; Zemanova, M.; Chrast, V. Impact of Nutrients on the Hoof
Health in Cattle. Animals 2020, 10, 1824. [CrossRef]

76. Shangxun, Z.; Junjie, L.; Wei, Z.; Yutong, W.; Wenyuan, J.; Shanshou, L.; Yanjun, W.; Qianmei, W.; Zhusheng, F.; Chaoping, Y.; et al.
ADAR1 Alleviates Inflammation in a Murine Sepsis Model via the ADAR1-miR-30a-SOCS3 Axis. Mediat. Inflamm. 2020, 2020,
9607535. [CrossRef]

77. Pandya, P.; Braiman, A.; Isakov, N. PICOT (GLRX3) Is a Positive Regulator of Stress-Induced DNA-Damage Response. Cell.
Signal. 2019, 62, 109340. [CrossRef] [PubMed]

78. Markovic, B.S.; Nikolic, A.; Gazdic, M.; Bojic, S.; Vucicevic, L.; Kosic, M.; Mitrovic, S.; Milosavljevic, M.; Besra, G.; Trajkovic, V.;
et al. Galectin-3 Plays an Important Pro-Inflammatory Role in the Induction Phase of Acute Colitis by Promoting Activation of
NLRP3 Inflammasome and Production of IL-1β in Macrophages. J. Crohn’s Colitis 2016, 10, 593–606. [CrossRef] [PubMed]

79. Da Silva, F.A.R.; Pascoal, L.B.; Dotti, I.; Setsuko Ayrizono, M.D.L.; Aguilar, D.; Rodrigues, B.L.; Arroyes, M.; Ferrer-Picon, E.;
Milanski, M.; Velloso, L.A.; et al. Whole Transcriptional Analysis Identifies Markers of B, T and Plasma Cell Signaling Pathways
in the Mesenteric Adipose Tissue Associated with Crohn’s Disease. J. Transl. Med. 2020, 18, 44. [CrossRef] [PubMed]

80. Payne, A.; Taka, E.; Adinew, G.M.; Soliman, K.F.A. Molecular Mechanisms of the Anti-Inflammatory Effects of Epigallocatechin
3-Gallate (EGCG) in LPS-Activated BV-2 Microglia Cells. Brain Sci. 2023, 13, 632. [CrossRef] [PubMed]

81. Zhang, A.; Yan, S.; Cao, M.; Wu, D.; Zhou, J.; Yu, Z.; Wu, M.; Liu, Y.; Lu, S.; Hu, G.; et al. Abnormal Methylation of PIK3AP1 Was
Involved in Regulating the Immune Inflammatory Response of GES-1 Cells Induced by Helicobacter Pylori. Biochem. Biophys. Res.
Commun. 2020, 524, 36–42. [CrossRef] [PubMed]

82. Wu, H.; Wang, L.; Zhang, D.; Qian, J.; Yan, L.; Tang, Q.; Ni, R.; Zou, X. PRDM5 Promotes the Apoptosis of Epithelial Cells Induced
by IFN-γ during Crohn’s Disease. Pathol. Res. Pract. 2017, 213, 666–673. [CrossRef] [PubMed]

83. Zhang, Y.; Liu, X.; Xue, H.; Liu, X.; Dai, A.; Song, Y.; Ke, K.; Cao, M. Upregulation of PRDM5 Is Associated with Astrocyte
Proliferation and Neuronal Apoptosis Caused by Lipopolysaccharide. J. Mol. Neurosci. 2016, 59, 146–157. [CrossRef] [PubMed]

84. Wang, Y.; Wang, J.; He, J.; Ji, B.; Pang, Z.; Wang, J.; Liu, Y.; Ren, M. Comprehensive Analysis of PRPF19 Immune Infiltrates, DNA
Methylation, Senescence-Associated Secretory Phenotype and ceRNA Network in Bladder Cancer. Front. Immunol. 2023, 14,
1289198. [CrossRef]

85. Lang, H.; Schulte, B.A.; Zhou, D.; Smythe, N.; Spicer, S.S.; Schmiedt, R.A. Nuclear Factor κB Deficiency Is Associated with
Auditory Nerve Degeneration and Increased Noise-Induced Hearing Loss. J. Neurosci. 2006, 26, 3541–3550. [CrossRef]

86. Hu, G.; Yu, S.; Yuan, C.; Hong, W.; Wang, Z.; Zhang, R.; Wang, D.; Li, Z.; Yi, Z.; Fang, Y. Gene Expression Signatures Differentiating
Major Depressive Disorder from Subsyndromal Symptomatic Depression. Aging 2021, 13, 13124–13137. [CrossRef] [PubMed]

87. Wilton, J.; De Mendonça, F.L.; Pereira-Castro, I.; Tellier, M.; Nojima, T.; Costa, A.M.; Freitas, J.; Murphy, S.; Oliveira, M.J.;
Proudfoot, N.J.; et al. Pro-Inflammatory Polarization and Colorectal Cancer Modulate Alternative and Intronic Polyadenylation
in Primary Human Macrophages. Front. Immunol. 2023, 14, 1182525. [CrossRef] [PubMed]

88. Clawson, M.L.; Heaton, M.P.; Chitko-McKown, C.G.; Fox, J.M.; Smith, T.P.L.; Snelling, W.M.; Keele, J.W.; Laegreid, W.W. Beta-
2-Microglobulin Haplotypes in U.S. Beef Cattle and Association with Failure of Passive Transfer in Newborn Calves. Mamm.
Genome 2004, 15, 227–236. [CrossRef] [PubMed]

89. Wheeler, T.T.; Haigh, B.J.; Broadhurst, M.K.; Hood, K.A.; Maqbool, N.J. The BPI-like/PLUNC Family Proteins in Cattle. Biochem.
Soc. Trans. 2011, 39, 1006–1011. [CrossRef]

https://doi.org/10.3390/ani12202839
https://www.ncbi.nlm.nih.gov/pubmed/36290225
https://doi.org/10.3390/ani11082219
https://www.ncbi.nlm.nih.gov/pubmed/34438676
https://doi.org/10.1007/s12011-015-0560-8
https://www.ncbi.nlm.nih.gov/pubmed/26537117
https://doi.org/10.2527/jas.2015-0209
https://www.ncbi.nlm.nih.gov/pubmed/27695784
https://doi.org/10.2527/jas.2015-0159
https://www.ncbi.nlm.nih.gov/pubmed/27898862
https://doi.org/10.1093/jas/sky404.852
https://www.ncbi.nlm.nih.gov/pubmed/29733402
https://doi.org/10.1080/00480169.1990.35645
https://doi.org/10.1007/s12011-018-1529-1
https://doi.org/10.3390/ani10101824
https://doi.org/10.1155/2020/9607535
https://doi.org/10.1016/j.cellsig.2019.06.005
https://www.ncbi.nlm.nih.gov/pubmed/31176019
https://doi.org/10.1093/ecco-jcc/jjw013
https://www.ncbi.nlm.nih.gov/pubmed/26786981
https://doi.org/10.1186/s12967-020-02220-3
https://www.ncbi.nlm.nih.gov/pubmed/32000799
https://doi.org/10.3390/brainsci13040632
https://www.ncbi.nlm.nih.gov/pubmed/37190597
https://doi.org/10.1016/j.bbrc.2020.01.007
https://www.ncbi.nlm.nih.gov/pubmed/31980170
https://doi.org/10.1016/j.prp.2016.12.004
https://www.ncbi.nlm.nih.gov/pubmed/28476379
https://doi.org/10.1007/s12031-016-0744-5
https://www.ncbi.nlm.nih.gov/pubmed/27074744
https://doi.org/10.3389/fimmu.2023.1289198
https://doi.org/10.1523/JNEUROSCI.2488-05.2006
https://doi.org/10.18632/aging.202995
https://www.ncbi.nlm.nih.gov/pubmed/33971621
https://doi.org/10.3389/fimmu.2023.1182525
https://www.ncbi.nlm.nih.gov/pubmed/37359548
https://doi.org/10.1007/s00335-003-2320-x
https://www.ncbi.nlm.nih.gov/pubmed/15014972
https://doi.org/10.1042/BST0391006


Animals 2024, 14, 2186 22 of 22

90. Angeli, E.; Trionfini, V.; Gareis, N.C.; Matiller, V.; Huber, E.; Rey, F.; Salvetti, N.R.; Ortega, H.H.; Hein, G.J. Protein and Gene
Expression of Relevant Enzymes and Nuclear Receptor of Hepatic Lipid Metabolism in Grazing Dairy Cattle during the Transition
Period. Res. Vet. Sci. 2019, 123, 223–231. [CrossRef] [PubMed]

91. Fehlberg, L.K.; Guadagnin, A.R.; Thomas, B.L.; Ballou, M.; Loor, J.J.; Sugimoto, Y.; Shinzato, I.; Cardoso, F.C. Feeding Rumen-
Protected Lysine Altered Immune and Metabolic Biomarkers in Dairy Cows during the Transition Period. J. Dairy Sci. 2023, 106,
2989–3007. [CrossRef]

92. Wathes, D.C.; Clempson, A.M.; Pollott, G.E. Associations between Lipid Metabolism and Fertility in the Dairy Cow. Reprod. Fertil.
Dev. 2013, 25, 48. [CrossRef] [PubMed]

93. Liu, A.; Ming, J.Y.; Fiskesund, R.; Ninio, E.; Karabina, S.-A.; Bergmark, C.; Frostegård, A.G.; Frostegård, J. Induction of Dendritic
Cell–Mediated T-Cell Activation by Modified but Not Native Low-Density Lipoprotein in Humans and Inhibition by Annexin
A5: Involvement of Heat Shock Proteins. Arter. Thromb. Vasc. Biol. 2015, 35, 197–205. [CrossRef]

94. Lenherr, N.; Christodoulou, J.; Duley, J.; Dobritzsch, D.; Fairbanks, L.; Datta, A.N.; Filges, I.; Gürtler, N.; Roelofsen, J.; Van
Kuilenburg, A.B.P.; et al. Co-Therapy with S-Adenosylmethionine and Nicotinamide Riboside Improves t-Cell Survival and
Function in Arts Syndrome (PRPS1 Deficiency). Mol. Genet. Metab. Rep. 2021, 26, 100709. [CrossRef]

95. Sutton-McDowall, M.L.; Wu, L.L.Y.; Purdey, M.; Abell, A.D.; Goldys, E.M.; MacMillan, K.L.; Thompson, J.G.; Robker, R.L.
Nonesterified Fatty Acid-Induced Endoplasmic Reticulum Stress in Cattle Cumulus Oocyte Complexes Alters Cell Metabolism
and Developmental Competence. Biol. Reprod. 2016, 94, 23. [CrossRef]

96. Estes, D.M.; Hirano, A.; Heussler, V.T.; Dobbelaere, D.A.E.; Browns, W.C. Expression and Biological Activities of Bovine
Interleukin 4: Effects of Recombinant Bovine Interleukin 4 on T Cell Proliferation and B Cell Differentiation and Proliferation in
Vitro. Cell. Immunol. 1995, 163, 268–279. [CrossRef] [PubMed]

97. Lijo, J.; Vijay, N.; Dechamma, H.J.; Reddy, G.R. Expression of Biologically Active Bovine Interleukin 7 and Evaluating the Activity
in Vitro. Vet. World 2016, 9, 160–165. [CrossRef] [PubMed]

98. Mallikarjunappa, S.; Shandilya, U.K.; Sharma, A.; Lamers, K.; Bissonnette, N.; Karrow, N.A.; Meade, K.G. Functional Analysis of
Bovine Interleukin-10 Receptor Alpha in Response to Mycobacterium Avium Subsp. Paratuberculosis Lysate Using CRISPR/Cas9.
BMC Genet. 2020, 21, 121. [CrossRef] [PubMed]

99. Liu, J.; Liu, F.; Cai, W.; Jia, C.; Bai, Y.; He, Y.; Zhu, W.; Li, R.W.; Song, J. Diet-Induced Changes in Bacterial Communities in the
Jejunum and Their Associations with Bile Acids in Angus Beef Cattle. Anim. Microbiome 2020, 2, 33. [CrossRef]

100. Stangl, G.I.; Schwarz, F.J.; Müller, H.; Kirchgessner, M. Evaluation of the Cobalt Requirement of Beef Cattle Based on Vitamin B12,
Folate, Homocysteine and Methylmalonic Acid. Br. J. Nutr. 2000, 84, 645–653. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.rvsc.2019.01.020
https://www.ncbi.nlm.nih.gov/pubmed/30684909
https://doi.org/10.3168/jds.2022-22349
https://doi.org/10.1071/RD12272
https://www.ncbi.nlm.nih.gov/pubmed/23244828
https://doi.org/10.1161/ATVBAHA.114.304342
https://doi.org/10.1016/j.ymgmr.2021.100709
https://doi.org/10.1095/biolreprod.115.131862
https://doi.org/10.1006/cimm.1995.1126
https://www.ncbi.nlm.nih.gov/pubmed/7606798
https://doi.org/10.14202/vetworld.2016.160-165
https://www.ncbi.nlm.nih.gov/pubmed/27051202
https://doi.org/10.1186/s12863-020-00925-4
https://www.ncbi.nlm.nih.gov/pubmed/33138773
https://doi.org/10.1186/s42523-020-00051-7
https://doi.org/10.1017/S0007114500001987

	Introduction 
	Materials and Methods 
	Animal Enrollment and Experimental Design 
	Sample Acquisition and Handling 
	Statistical Analysis of Trace Mineral Concentrations 
	Whole Blood RNA Isolation, Sequencing, and Bioinformatic Processing 
	Dataset Processing and Differential Gene Expression Analyses 
	Time-Series Segmented Regression Gene Expression Analysis 
	Functional Enrichment Analyses 

	Results 
	Statistical Analyses of Trace Element Intake and Concentrations 
	Principal Component Analysis 
	Differential Gene Expression Analysis 
	Trend-Wise Gene Expression Analyses 

	Discussion 
	Liver and Serum Mineral Concentrations 
	Whole Blood Gene Expression Dynamics 

	Conclusions 
	References

