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Simple Summary: Fetal programming through different maternal nutritional strategies can impact
the development of the rumen and cecum in the offspring of Nellore cattle. We evaluated bulls sub-
mitted to different prenatal nutrition strategies, namely, non-programming, partial programming, and
complete programming. Rumen epithelium was meticulously evaluated for rumenitis and structural
irregularities post-slaughter, while cecal lesions were examined after evisceration. Additionally, DNA
extraction and the sequencing of distinct amplicon sequence variants in the rumen ecosystem were
undertaken. Our metagenomic analysis provided insights into microbial communities influenced by
maternal nutrition and dietary factors. This study advances our understanding of fetal programming
by emphasizing the intricate interplay between maternal nutrition, gastrointestinal development,
and microbial communities. These discoveries contribute significantly to the field of livestock.

Abstract: We explored the influence of maternal nutritional strategies on the development of the
rumen and cecum in offspring. Additionally, we investigated the potential repercussions of prenatal
nutrition on the rumen and fecal microbiota composition, utilizing metagenomic 16S techniques, to
understand the effects of fetal programming (FP) in Nellore cattle. A total of 63 bulls submitted to
different prenatal nutrition strategies, namely, non-programming (NP), partial programming (PP),
and complete programming (CP), were evaluated. The rumen epithelium was methodically evaluated
based on the presence of rumenitis and structural irregularities. The assessment of cecum lesions
was conducted post-evisceration, whereby all thoroughly cleaned ceca were methodically evaluated.
Samples from 15 animals of rumen fluid at slaughter and feces during the finishing phase were
collected, respectively. All DNA extraction were carried out using the Macherey Nagel NucleoSpin
Tissue®, and 16S sequencing was conducted using the V4 primers on the MiSeq platform. Within
the ruminal ecosystem, an estimated range of 90 to 130 distinct amplicon sequence variants was
discerned, as distributed across 45,000 to 70,000 sequencing reads. Our metagenomic exploration
unveils microbial communities that distinctly mirror gastrointestinal tract microenvironments and
dietary influences. In sum, this comprehensive study advances our comprehension of FP, highlight-
ing the interplay of maternal nutrition, gastrointestinal development, and microbial communities,
contributing significantly to the fields of animal science.
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1. Introduction

In the livestock industry, particularly in beef cattle production, optimizing produc-
tivity and product quality is of paramount importance. With Brazil’s significant role in
global cattle production, the need to meet both domestic and international demands for
high-quality meat have never been more critical [1]. As the world’s second-largest beef
producer and the largest exporter, responsible for a substantial portion of the national gross
domestic product (GDP) and trade balance, Brazil has a strong interest in advancing its
beef production capabilities [2].

A pivotal aspect of enhancing beef production lies in fetal programming (FP), a
strategy focused on improving the prenatal environment of developing calves through
maternal nutrition [3]. This approach, rooted in the manipulation of maternal nutrition
during specific gestational periods, has the potential to influence various aspects of calf
development, thereby affecting their entire life cycle [4]. Research has shown that the
gestational phase is a crucial period for the development of muscle fibers, an attribute
directly linked to meat production [5]. Moreover, it is during this period that microbial
colonization begins in the gastrointestinal tract, raising questions about the correlation
between the uterine environment and the establishment of these early microorganisms [6].

As FP gains recognition for its impact on muscle, bone, and fat production in cattle, it
also extends its influence on other vital areas [7]. This includes the microbiome within the
rumen and feces of these animals, which is important in digestion, nutrient utilization, and,
ultimately, feed efficiency [4]. Alterations in the uterine environment have the potential to
affect the composition and diversity of the gastrointestinal microbiota. These alterations,
in turn, may impact not only the nutritional efficiency of the cattle but also the overall
productivity and environmental sustainability of the system [8,9]

However, despite the significance of FP in cattle, studies evaluating its effects on the
ruminal and cecal epithelium and microbial diversity are relatively scarce. This gap in
knowledge is a critical area of inquiry for both the improvement of meat production and
the sustainability of the cattle industry. Hence, this study aims to explore the influence of
maternal nutritional strategies on the development of the rumen and cecum in offspring.
Additionally, we investigated the potential effects of prenatal nutrition on the composition
of the rumen and fecal microbiota, utilizing metagenomics to better understand the holistic
effects of FP on beef cattle.

2. Materials and Methods
2.1. Experimental Design

All animals (cows and bulls) used in the current study were sourced from the Fernando
Costa Campus, FZEA/USP. Initially, Nellore dams were subjected to fixed-time artificial
insemination (FTAI) using semen from four sires. Pregnancy diagnoses were confirmed in
February 2018 during the breeding season. Following confirmation, the cows were selected
based on age, body weight, and body condition score and subsequently divided into three
groups (treatments), each comprising 42 animals.

These animals were then placed in pastures of Urochloa brizantha cv. Marandu with
access to bunk feeders and water ad libitum. The distinguishing factor among the groups
was the specific nutritional plan provided to each group during pregnancy. These plans
were the following treatments programs: (NP) non-programming, where cows received
only a mineral supplementation equivalent to 0.3 g/kg of body weight (BW); partially
programming (PP), which included supplementation with protein energy supplementation
at 3 g/kg of BW during the last third of pregnancy; and complete programming (CP), where
the cows received 3 g/kg of BW of protein energy supplementation from the moment
of pregnancy confirmation (30 days after FTAI) until birth. For further details on the
treatments, see Schalch Junior et al. [10].

After calving, the supply of protein energy supplements was discontinued, and all
animals were grouped together, irrespective of their earlier nutritional plan. The animals
underwent vaccination against tetanus and bovine viral diarrhea virus, a 7-way Clostridium
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sp., and adhered to health protocols. The progeny was weaned at seven months of age.
After weaning, the animals were segregated by gender into males and females, regardless
of their treatment group. This rearing phase of 63 male progeny (NP = 22; PP = 20, and
CP = 21) was extended for 11 months, spanning from May 2019 to April 2020. For more
detailed information on the bulls during the rearing phase, please check Polizel et al. [11].

The 63 young bulls were utilized for the finishing phase. These bulls were all pro-
vided with the same diet. Upon the conclusion of the finishing phase, the animals were
slaughtered at the school slaughterhouse at FZEA, with an average body weight of 610 kg.
More information about finishing phase can be found in Polizel et al. [12].

2.2. Feeding Management

The finishing phase extended for a duration of 112 days, with the initial 14 days
allocated for the animals to their respective diets. Subsequently, for the remaining portion
of this period, the animals were consistently provided with diets characterized by an
inclusion of both protein and energy. The concentrated inclusion in each of the diets was
set at 50%, 62%, and 73%, respectively. Throughout this phase, the animals were fed twice
daily, with the first feeding at 7:00 a.m. constituting 60% of the total ration, and the second
feeding at 11:00 a.m. making up the remaining 40% of the total ration. These feedings were
administered in the form of total mixed ration.

The formulation of the diets adhered to the guidelines outlined in the NRC [13]. The
proportions of ingredients used and the chemical composition of the diets are presented in
Table 1.

Table 1. Feed ingredients and chemical composition of the finishing diets fed to Nellore steers.

Diets Initial Intermediary Finishing

Inclusion (%) 50 62 73

Ingredients (% of DM)

Corn silage 50.00 38.75 27.50
Fine ground corn 34.90 50.88 67.05

Soybean meal 12.60 7.50 2.20
Urea 0.50 0.87 1.25

Flexbeef 1 0.66 - 1.00
Flexbeef MD 2 0.34 1.00 -

Flexbeef MAX 3 1.00 1.00 1.00
Monensin, mg 102.0 300.0 0.00

Virginiamycin, mg 250.0 250.0 250.0

Chemical composition

DM 4 (%) 48.10 53.60 50.60
CP 4 (%DM) 15.00 14.00 13.00

RDP 4 (%DM) 10.31 10.18 10.00
NDF 4 (%DM) 36.50 31.10 25.80
NDFe 4 (%DM) 26.20 20.80 15.50

Ca 4 (%DM) 0.66 0.61 0.55
P 4 (%DM) 0.38 0.37 0.35
K 4 (%DM) 1.00 0.81 0.61
S 4 (%DM) 0.20 0.17 0.13

EE 4 (%DM) 3.18 3.43 3.68
TDN 5 (%DM) 71.00 73.6 76.2

1 Flexbeef, quantity per kg of product: 280 g of calcium (Ca); 15 g of phosphorus (P); 45 g of sulfur (S); 75 g of
sodium (Na); 22.5 mg of cobalt (Co); 750 mg of cooper; 150 mg of fluorine (F); 25.5 mg of iodine (I); 155 g of
magnesium (Mg); 1.005 mg of manganese (Mn); 7.5 mg of selenium (Se); 1.995 mg of zinc (Zn); and 142.5 UI
of Vitamin A. 2 Flexbeef MD, quantity per kg of product: same composition of Flexbeef, differing only by the
addition of 3000 mg of sodium monensin. 3 Flexbeef MAX: same composition of Flexbeef, differing only by the
addition of 2500 mg of Virginiamycin. 4 Quantified through chemical analysis. 5 Value estimated by NRC (2016).
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2.3. Histological Assessments
2.3.1. Ruminitis Incidence and Papillae Morphometric

Following the slaughter and evisceration of the animals, each thoroughly cleansed
rumen was examined. The rumen epithelium was evaluated based on the presence of
lesions (rumenitis) and structural irregularities (e.g., clumped papillae) in accordance with
the criteria outlined by McManus et al. [14]. These assessments employed a grading scale
ranging from 0 (indicating the absence of lesions or abnormalities) to 10 (representing
severe ulcerative lesions). The morphometric variable under scrutiny was the average
number of papillae. A proficient assessor conducted the measurement of the mean number
of papillae in the entire rumen fragment.

Morphometric analysis adhered to the methodology delineated by Daniel et al. [15]
and Resende et al. [16]. A specimen measuring 1 cm2 was collected from the cranial rumen
sac and promptly submerged in a receptacle containing 70% alcohol. It was securely stored
until the subsequent measurement phase. The morphometric variable subjected to analysis
was the average number of papillae per 1 cm2. An adept evaluator performed the mean
measurement of papillae across the entire rumen fragment.

2.3.2. Papillae Microscopic Histological Measurement

Histological analysis was executed, with adaptations following the methodology de-
scribed by Odongo et al. [17]. To facilitate this analysis, a 1-cm2 specimen was excised from
the ventral sac of each rumen for subsequent histological evaluation. These histological
sections were subjected to staining with hematoxylin and eosin, followed by embedding in
paraffin wax and sectioning.

Morphometric measurements, including parameters such as papillae surface area
and thickness of the keratinized layer (KLT), were determined. Specifically, four distinct
papillae from each animal underwent these measurements. To achieve this, a computer-
aided system for image analysis using digital microscopy was employed to examine the
histology of samples (Leica DVM6, Leica Microsystems, Wetzlar, Germany).

2.3.3. Cecum Morphometrics

The assessment of cecum lesions was conducted post-evisceration, whereby all thor-
oughly cleaned ceca were evaluated. The evaluation of cecum epithelium entailed a
classification based on the presence of cecal wall inflammation, lesions, and petechiae.
This classification was executed using a scale that ranged from 0 (denoting the absence of
lesions) to 10 (indicating severe lesions), with adaptations drawn from the methodology
originally described by Bigham and MCmanus [18]. Notably, all ceca were subject to
scoring by a trained individual, and the final dataset was derived from the average of two
independent scores.

Moreover, a 1-cm2 specimen was collected from the central region of the cecum epithe-
lium for subsequent histological scrutiny. These specimens were thoughtfully preserved
in a buffered 4% paraformaldehyde solution until further histological analyses, as per the
approach outlined by Devant et al. [19]. The histological analysis of the cecum epithelium
involved a series of steps, including tissue sample dehydration, embedding in paraffin wax,
sectioning at 8 µm, and staining with hematoxylin and eosin.

Histological measurements, specifically focusing on parameters like crypt depth and
goblet cells, were undertaken. To ensure a representative analysis, these measurements
were conducted on 10% of the total number of crypts per animal, following the methodology
by Pereira et al. [20]. This analysis was facilitated using a Leica Qwin Image Analyzer
integrated within a Leica electron light microscope.

2.4. rRNA 16S Sequences Samples

The first PCR was performed for locus-specific amplification. Then, AMPure XP
beads were used to purify the PCR reaction, and the size of the fragments generated in
the PCR reaction was evaluated by agarose gel electrophoresis. The second PCR was
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performed to link the barcodes from the Nextera XT kit, and new PCR purification and
library validation steps were performed. Subsequently, the libraries were quantified, so
that all samples/libraries were equimolarly united into a single pool.

To introduce complexity into sequencing, a heterogeneous control, phi-X phage, was
combined with the amplicon pool. Finally, the libraries and phi-X were denatured to
allow sequencing.

The fecal samples of fifteen animals (five of each treatment) were collected during the
feedlot confinement period for the finishing diet, all at the same instance. Rumen samples
were obtained immediately after the animal’s slaughter from the same fifteen mentioned
above. DNA extraction was carried out using the Macherey Nagel NucleoSpin Tissue®

commercial kit, and 16S sequencing was conducted using the V4 primers [21] on the MiSeq
platform (Illumina, San Diego, CA, USA), following the manufacturer’s recommendations.

Library preparation followed Illumina recommendations. Locus-specific primers
designed for amplifying archaea or bacteria targeted specific regions of the 16S rRNA, with
overhang sequences of adapters included in the locus-specific primers.

2.5. Statistical Analysis
2.5.1. Histological Analyses of Rumen and Cecum

The data underwent analysis using the statistical analysis system (SAS) [22]. Prior to
conducting the analysis, assessment was made regarding the presence of discrepant data
points, commonly referred to as outliers, and the normality of residual distributions. The
Shapiro–Wilk test was employed to evaluate the normality assumptions. A homoscedastic-
ity test was employed (Levene test) on residuals to evaluate the requisite assumptions of
ANOVA. In cases where these assumptions were not met, appropriate data transformations
were applied.

For the datasets pertaining to rumenitis, rumen morphometrics, and cecum morpho-
metrics and histological measurements, mixed models (PROC MIXED) were employed.
The sires were treated as a fixed effect, while animal and dam ages were incorporated as
linear covariates. Significant differences between treatments were determined at a 5% level
of significance using the Tukey–Kramer test.

In the case of scores, as they are qualitative variables, we performed a Chi-Square
test (X2) in the Prisma® software 1.0 to evaluate if the different scores’ frequencies were
associated with the prenatal nutritional treatments.

2.5.2. rRNA 16S Sequencing Analysis

In the domain of 16S sequencing analysis, all computational procedures were executed
within the Rstudio software 2023.12.1+402 framework [23], leveraging the Bioconductor
platform [24,25]. Raw sequencing data were processed using the DADA2 package [26]. This
entailed quality control measures, sequence trimming, and the assignment of taxonomic
classifications, all predicated on the SILVA database [27].

The ensuing dataset, comprising amplicon sequence bariants (ASVs), taxonomic
information, animal-related metadata, sequence information, and phylogenetic annotations,
was encapsulated within a phyloseq-class object, as facilitated by the phyloseq package [28].
After data integration, stringent outlier filtering was applied. This process involved the
removal of phyla representing less than 0.01% of the total abundance, as well as the
exclusion of taxa observed in less than 5% of the total samples.

The phyloseq-class object was subsequently transformed into a DGElist format through
the utilization of the edgeR package [29]. This transformation served as a preparatory step
for the calculation of differential taxonomic abundances across samples, employing the
Limma Voom methodology [30]. Data visualization was undertaken using the ggplot2
package [31].
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2.5.3. Pearson’s Correlation Analysis

To identify the correlations between the histological assessments (characteristics of the
rumen and cecum) and the 20 most abundant ASVs, we performed Pearson’s correlation
analysis using the function “cor” in the R statistical environment. To visualize the results,
we created heatmaps (ggcorrplot package) referring to the correlations found, highlighting
the significant results (p < 0.05).

3. Results
3.1. Rumenitis and Cecum Cells Score

Most animals included in this study received scores ranging from 0 to 2 for both
rumenitis and cecum. While two animals from the CP treatment exhibited rumenitis and
cecum scores exceeding 6.0, neither rumenitis nor cecum scores demonstrated a statistically
significant effect, with p-values of 0.19 and 0.71, respectively. This is visually depicted in
Figure 1 below.
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Figure 1. Rumenitis and cecum score of Nellore steers from different fetal programing.

The examination of morphometric characteristics in the rumen and cecum of Nellore
cattle, in conjunction with a comparative assessment among different FP treatments, has
yielded distinct outcomes, as succinctly summarized in Table 2.

Table 2. Rumen and cecum morphometrics of Nellore steers from different fetal programing.

Variables
Treatments Mean SE p-Value

NP PP CP

Rumen measurements
Macroscopic variables

Number of papillae, n 101.3 b 122.9 a 111.2 ab 111.46 13.246 0.01
Microscopic variables

Papillae thickness, µ 164.6 178.7 176.8 173.4 40.181 0.34
KLT, µ 12.55 12.75 12.19 12.49 2.144 0.63

Cecum measurements
Crypt depth, µ 8.86 a 10.40 a 6.47 b 8.57 2.637 <0.01
Goblet cells, n 33.77 a 19.70 b 11.91 c 21.79 9.078 <0.01

SE: standard error; KLT: keratinized layer thickness; abc: different letters on the same line differ significantly
according to the Tuckey test at 5% of the significance level.

In the cecum, animals subjected to the CP treatment exhibited a significant reduction
in goblet cell count when contrasted with their NP counterparts. Moreover, the crypt depth
in the cecum of CP-treated animals was notably diminished, bearing a p-value of 0.01.

Conversely, the utilization of the PP treatment was not statistically significant in
crypt depth when compared to the NP treatment. Nevertheless, a reduction in goblet cell
count was discerned in the cecum of PP-treated animals in comparison to those under the
NP regimen.
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Concerning the rumen, the PP treatment unveiled a notable escalation in rumen
papillae quantity when juxtaposed with the NP treatment, aligning with a pattern akin to
that observed in the CP treatment, a pattern substantiated by a p-value of 0.01. Nonetheless,
no statistically significant distinctions were ascertained across the treatments regarding
rumen papillae abundance or KLT (NP and PP).

3.2. Sequencing of Ruminal and Fecal Bacterial Communities

Utilizing the DADA2 software 1.25, which facilitated comprehensive quality control
of 16S sequencing datasets, it became evident that samples derived from the rumen ex-
hibited a notably higher richness and diversity of microbial populations when contrasted
with their fecal counterparts. Within the ruminal ecosystem, an estimated range of 90
to 130 distinct amplicon sequence variants (ASVs) was discerned, as distributed across
45,000 to 70,000 sequencing reads, encompassing the entirety of the 15 sampled specimens.
In striking contrast, the fecal samples contained a somewhat reduced spectrum of ASVs,
numbering between 65 and 95, and were based on sequencing reads spanning 30,000 to
60,000 reads across the same set of 15 samples. This pattern is graphically illustrated in
Figure 2 below.
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A scrutiny reveals the preeminent bacterial phyla populating the distinct ecological
realms under investigation, as depicted in Figure 3. Each of these phyla makes a substantial
contribution to the overall microbial abundance, with a total of eight and six dominant
phyla discerned within the rumen and fecal ecosystems, respectively. Evidently, Firmicutes
and Bacteroidota conspicuously surface as the predominant phyla in both habitats. Their
eminent status is further accentuated by the shared presence of Actinobacteriota, Euryarcheota,
and Proteobacteria.
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Significantly, within the ruminal milieu, renowned for its heightened ASV diversity,
as delineated in Figure 2, it is overtly manifest that these phyla also assume an augmented
numerical preeminence. Most remarkably, the Bacteroidota phylum consistently represents
approximately one-third of the aggregate abundances across both environmental settings.

The preeminent taxa, characterized by their abundance within the sampled specimens,
are presented in the Table 3, specifically detailed in Supplementary Materials (SM S1 and
S2). An investigation highlights that among these, the most represented genus and class
inhabiting the gastrointestinal tract (GIT) of these animals are Prevotella and Clostridia,
respectively. In the rumen, it is notably apparent that the taxonomic landscape encom-
passes additional taxa from diverse families, exemplifying a palpable manifestation of
the heightened diversity inherent to this anatomical region. In stark contrast, the fecal
environment distinctly exhibits a preponderance of the Lachnospiraceae family.

Table 3. Most abundant ASVs in 16S sequencing of rumen and feces.

ASV Total Kingdom Phylum Class Order Family Genus

Rumen

1440 119,904 Bacteria Bacteroidota Bacteroidia Bacteroidales Prevotellaceae Prevotella
3278 69,851 Bacteria Firmicutes Clostridia Christensenellales Christensenellaceae R-7 Group
3055 58,166 Bacteria Firmicutes Negativicutes Acidaminococcales Acidaminococcaceae Succiniclasticum
617 49,365 Bacteria Bacteroidota Bacteroidia Bacteroidales Rikenellaceae RC9-gut Group
1787 45,785 Bacteria Fibrobacterota Fibrobacteria Fibrobacterales Fibrobacteraceae Fibrobacter
784 40,905 Bacteria Bacteroidota Bacteroidia Bacteroidales F082 N/A
4449 36,740 Bacteria Firmicutes Clostridia Lachnospirales Lachnospiraceae N/A
3440 34,880 Bacteria Firmicutes Clostridia Oscillospirales Oscillospiraceae NK4A214 Group
4653 34,174 Bacteria Firmicutes Clostridia Lachnospirales Lachanospiraceae NK3A20 Group
3908 31,554 Bacteria Firmicutes Clostridia Oscillospirales Ruminococcoceae Runinococcus

Feces

1490 127,598 Bacteria Bacteroidota Bacteroidia Bacteroidales Prevotellaceae Prevotella
4556 61,220 Bacteria Firmicutes Clostridia Lachnospirales Lachnospiraceae N/A
4965 41,327 Bacteria Firmicutes Clostridia Lachnospirales Lachnospiraceae Blautia
3693 39,565 Bacteria Firmicutes Clostridia Clostridiales Clostridiaceae Clostridium
2022 39,074 Bacteria Firmicutes Bacilli Erysipelotrichales Erysipelotrichaceae Turicibacter
2773 34,951 Bacteria Firmicutes Clostridia Tissierellales Peptostreptococcaceae Romboutsia
1455 31,118 Bacteria Bacteroidota Bacteroidia Bacteroidales Prevotellaceae NA
2661 30,781 Bacteria Proteobacteria proteobacteria Aeromonadales Succinivibrionaceae Succinivibrio
4496 26,519 Bacteria Firmicutes Clostridia Lachnospirales Lachnospiraceae Agathobacter
3846 25,090 Bacteria Firmicutes Clostridia Oscillospirales Ruminococcaceae Faecalibacterium

ASVs (amplicon sequence variants): unique DNA sequences that represent an organism.

In the context of Shannon’s alpha diversity (Figure 4) across the three experimental
treatments, an intriguing observation emerges. It is discerned that animals within the
CP treatment exhibit an elevated diversity, reaching a value of 3.3, specifically in rumen
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samples when compared to fecal samples. However, it is important to underscore that this
divergence did not manifest as a statistically significant difference among the treatments.
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Beta diversity (Figure 4), encapsulating the distinctions between samples through the
calculation of Bray-Curtis dissimilarity, disclosed intriguing patterns within both rumen
and fecal domains. Although tentative clusters are discernible in the PP treatment, these
groupings, when subjected to rigorous statistical scrutiny, did not attain statistical signif-
icance. Furthermore, the inter-treatment dissimilarities were remarkably inconspicuous.
This phenomenon is vividly exemplified by the axes, where values of 32.4% and 12% are
attributed to rumen samples, and 32.6% and 15.5% are attributed to fecal samples, attest-
ing to the strikingly similar composition of microbial communities across the different
FP treatments.

In this sense, Table 4 elucidates the temporal dynamics in the differential abundance
of microorganisms within the rumen and fecal domains. Microorganisms were scrutinized
for statistical significance, with particular attention given to those exhibiting a p-value
threshold greater than or equal to 0.1. This evaluation unveiled noteworthy findings, with
the rumen manifesting differential trends across five distinct microbial families, while the
fecal environment showcased such trends within two unique families.
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Table 4. Trend of differential abundance in rumen and feces. ASVs (amplicon sequence variants):
unique DNA sequences that represent an organism. Adj. p-value: adjusted p-value.

ASV p-Value Adj. p-Value Kingdom Phylum Class Order Family

Rumen

695 0.0032615 0.1304584 Bacteria Bacteroidota Bacteroidia Bacteroidales Bacteroidales_BS11

3637 0.0285711 0.5406086 Bacteria Firmicutes Clostridia Clostridia_or Hungateiclostridiaceae

3908 0.0405456 0.5406086 Bacteria Firmicutes Clostridia Oscillospirales Ruminococcaceae

4260 0.0673547 0.6008402 Bacteria Firmicutes Clostridia Lachnospirales Defluviitaleaceae

3651 0.0751050 0.6008402 Bacteria Firmicutes Clostridia Monoglobales Monoglobaceae

Feces

4556 0.0522220 0.9885435 Bacteria Firmicutes Clostridia Lactobacillales Lachnospiraceae

2058 0.0860555 0.9885435 Bacteria Firmicutes Bacilli Lactobacillales Lachnospiraceae

Prominently, the microorganisms that most conspicuously demonstrated a differential
inclination among the various treatment groups belonged to the Bacteroidales BS11 family.
This microbial family exhibited an adjusted p-value of 0.13, further accentuated by a p-value
less than 0.01, thereby signifying its heightened abundance in untreated animals.

3.3. Pearson’s Correlation Analysis

According to the Figure 5, the heatmap showed several significant Pearson’s correla-
tions between thickness of keratinized layer and the ASVs (n = 8); between the number of
papillae and the ASVs (n = 11); and between the thickness of keratinized layer and number
of papillae (r = −0.38).
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Regarding Figure 6, the heatmap showed some significant Pearson’s correlations
between goblet cells and the ASVs (n = 6); crypt depth and the ASVs (n = 4); and no
significant correlation between the histological assessments.
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4. Discussion

The current investigation stands as a pioneering endeavor, and the data it has un-
earthed hold the potential to catalyze novel research in the field. To date, a conspicuous
gap exists in the realm of studies scrutinizing the epithelial characteristics of the rumen
and cecum in the context of FP, although a recent study has been conducted involving
goats, which delves into the exploration of microbial communities within the rumen and
cecum from the fetal stage to adulthood [32]. The present study is distinct in its focus on
bovine species, underscoring the unique dietary and physiological attributes that merit
distinct scrutiny.

This underscores the pivotal role of maternal nutrition in molding the offspring’s
productivity throughout its lifetime. Conversely, maternal nutritional constraints bear the
potential to profoundly affect neonatal mortality rates, induce alterations in body composi-
tion, disrupt hormonal equilibrium, and even exert influence over organ development [33].
In a study involving sheep, it was observed that malnutrition adversely affected cecal
microbial diversity, composition, and fermentation parameters. This, in turn, impeded
intestinal immunological functions and hindered epithelial renewal [34].

Goblet cells are intricately linked to the secretion of mucus, serving as pivotal com-
ponents in the gastrointestinal tract’s immunological defense mechanism. As elucidated
by Birchenough et al. (2016) [35], goblet cells constitute the primary defense line of the
intestinal mucosa, primarily owing to their secretion of mucin. An illustrative instance
of the direct immune system regulation of goblet cells manifests in the hyperplasia and
hypersecretion of mucus observed in response to parasitic helminth infections [36,37].

In the context of this study, Nellore cattle subjected to the NP treatment exhibited
a higher goblet cell count, while those undergoing the PP and CP treatments displayed
reduced goblet cell numbers. Furthermore, an increase in crypt depth was observed in the
NP and PP treatments, a phenomenon often associated with heightened mucous secretion,
as noted by Kotunia et al. (2006) [38]. This phenomenon could potentially explain the
increased goblet cell count in the NP treatment but not in the PP treatment. Consequently,
it is plausible to speculate that the findings of this study may be intricately linked to the
maternal nutritional status during pregnancy, signifying the phenomenon of FP.

Fetal programming’s impact extends beyond skeletal muscle development in rumi-
nant animals [6]. Originating from early human epidemiological research connecting low
birth weight and maternal malnutrition to heightened adult disease risk, according to
Barker et al. [39], the scope of FP in cattle encompasses not only muscle but also intestinal
immunity [40]. Animals without good nutritional support during pregnancy may exhibit
increased susceptibility to inflammation [41] and a heightened demand for mucus production.

The gastrointestinal tract development plays a pivotal role in the well-being of off-
spring from birth onwards, particularly concerning colostrum ingestion, given its enhanced
stomach and intestinal epithelium, facilitating superior nutrient absorption [42]. A study
on lambs subjected to FP revealed that those released from dietary restriction exhibited
reduced immunoglobulin (IgG) intake, while lambs born to supplemented ewes displayed
enhanced IgG absorption. This suggests that well-nourished gestational periods endow
animals with a greater capacity to harness large molecules in the immediate postnatal
phase [43]. A fully developed gastrointestinal tract equips offspring to maximize nutrient
utilization [44].

Within the various compartments of the gastrointestinal tract, the present study fo-
cused on the evaluation of the rumen and cecum. In this context, the rumen exhibited
significant differences in terms of papillae numbers, while the cecum demonstrated con-
trasting outcomes concerning crypt depth and caliciform cell abundance. Previous research
encompassing an assessment of all gastrointestinal compartments in calves subjected to
FP revealed a remarkable increase in small intestine length among animals whose cows’
received supplementation during pregnancy. This indicates that maternal supplementation
influences the absorptive surface area in the intestine, facilitating greater nutrient up-
take [45,46]. As exemplified in our current investigation, dams receiving supplementation
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during the final trimester of pregnancy foster enhanced development of their offspring’s
cecal epithelium, thereby enabling heightened nutrient absorption in the intestine.

Dietary restriction can exert profound effects on the structural and functional develop-
ment of visceral organs. As demonstrated in a study by Cavalcanti et al. (2014) [47], animals
subjected to dietary restriction may experience significant alterations in the absorptive
capacity of their gastrointestinal tract. In the context of the present investigation, it is
crucial to emphasize that the animals involved were not subjected to dietary restriction.
Consequently, no substantial variations in papillae thickness were observed. This outcome
can plausibly be attributed to the application of nutritional restriction to the dams during
the gestational period, which, in turn, may have had consequential repercussions on the
developmental trajectory of their progeny.

According to a study conducting an assessment of the influence of maternal nutritional
supplementation during the final trimester of gestation on the development of rumen papil-
lae in sheep [48], there was an increase in the occurrence of ruminal papillae among lambs
born to ewes that received supplementation during the latter stages of pregnancy. In con-
cordance with these observations, the subjects enrolled in the present study and subjected
to the PP treatment exhibited a statistically significant elevation in the number of rumen
papillae in comparison to their counterparts undergoing alternative treatment protocols.

In the context of the present investigation, microscopic morphometric analysis of the
rumen epithelium did not unveil significant differences between the treatment groups.
However, a higher abundance of rumen papillae was distinctly evident within the PP
treatment cohort when compared to the NP group, although no significant deviation was
discerned in relation to the CP treatment. A wealth of scientific studies has underscored the
profound influence of dietary factors on rumen epithelial characteristics. As elucidated by
Dirksen, Liebich, and Mayer (1985) [49], the presence of an extensive population of rumen
papillae serves to enhance the absorption of short-chain fatty acids (SCFA). Furthermore,
it is well-documented that the degree of ruminal epithelial development is intrinsically
linked to the speed of SCFA absorption, a phenomenon consistently corroborated by [50].

Nonetheless, it is imperative to acknowledge that this study was not expressly de-
signed to evaluate SCFA production or absorption rates. Therefore, we must exercise
caution when speculating about whether the observed increase in rumen papillae among
PP-treated animals may translate to a heightened capacity for SCFA production or absorp-
tion. Moreover, the absence of statistically significant differences in microscopic measure-
ments suggests that dietary composition may exert more influence on rumen epithelial
development than the nutritional status of the dams during pregnancy.

The colonization of initial microorganisms in the rumen begins mainly during the
prenatal phase, promoting a complex interaction between cows and their offspring in the
uterine environment [51]. This interaction manifests itself as a remarkable similarity in
the composition of the microbial communities found in both cows and calves, evident in
meconium, the calf’s rumen fluid, and lasting until the weaning period [52]. After weaning,
the stability of the microbial community critically depends on the dietary components
provided to the animal throughout its life [53]. During the early stages of calf development,
fibrolytic microorganisms of maternal origin are already discernible, which play the essential
role of preparing the calf for effective digestion of fibrous material [54]. Thus, the cow con-
tributes significantly to shaping the developmental trajectory of the calf’s gastrointestinal
tract, thus highlighting the impact of FP in the early stages of an animal’s life.

The predominant members of the microbial community were with the phyla Actinobac-
teriodota, Bacteriodota, Firmicutes, Chloroflexi, Proteobacteria, Prevotella, and Lachnospiraceae.
Notably, the abundance of Actinobacteria in rumen fluid suggests their potential role in the
digestion of α-amylase and starch degradation, which may be attributed to their association
with forage consumption in ruminant diets [55]. The dominant bacterial phyla within the
rumen, such as Bacteriodota, Firmicutes, and Chloroflexi, have established connections with
feed efficiency and weight gain in ruminants [56,57].
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In the gastrointestinal tract, it is evident that the dietary components play a pivotal
role in shaping the prevalence of bacterial phyla, alongside the specific gut compartments.
The selective pressure of dietary factors is indeed a critical determinant for the relative
abundance of microorganisms [58]. A pertinent example is the phylum Proteobacteria, which
is more prevalent in grain-based diets [59].

Hence, the contrasting results observed in the rumen and feces underscore the sig-
nificant impact of both diet composition and the localized microenvironment within the
gastrointestinal tract, which influences the development of distinct microbial communities
(Lopes et al. 2019 [60]). In healthy animals, Prevotella emerges as the dominant microbial
genus in the gastrointestinal tract, which aligns with the findings in the present study.
Additionally, the family Lachnospiraceae was the most abundant phyla in fecal samples,
consistent with prior investigations involving Nellore cattle, highlighting their widespread
presence across the gastrointestinal tract, this phylum possesses the ability to degrade fiber
and proteins and is associated with enhanced feed efficiency [60].

Differential abundance analysis, performed through EdgeR’s limma voom method-
ology, is well-established in the context of both gene expression analysis [29,30] and its
adaptation for metagenomic data [61]. This approach ensures the normalization of data
within a specified statistical model, tailored for this study as a three-level treatment factor.
Consequently, it effectively identifies the distinctive elements within each level of treat-
ment. Notably, the Bacteroidales BS11 family exhibited a p-value below 0.01, with the lowest
adjusted p-value indicative of a significant trend observed within the rumen samples. This
microbial family has been linked to a diet characterized by a high content of hemicellulose
and lignin and a low protein content in the Alaskan moose [62].

According to Schober et al. [63], correlations with values between ±0.40 and ±0.69 are
considered moderate. In our study, we found only two significant moderate correlations;
the others were weak or non-significant correlations at the 5% level of significance (p < 0.05).
The strongest correlation observed in our results was between rumen keratin layer thickness
and ASV4653, although it is still considered moderate (r = 0.56). The ASV4653, a member
of the Lachnospirales order, has the potential to ferment butyrate and serve as a producer of
rumen butyrate [64]. By redirecting hydrogen from reducing CO2 for methane formation to
butyrate production, it may play a role in improving feed efficiency in cows [65]. Although
prenatal nutritional treatments do not have an impact on the thickness of the keratin layer
in the rumen, this characteristic is important as it presents the strongest correlation with an
order of bacteria that performs essential functions related to rumen fermentation and feed
efficiency. The second and last significant moderate correlation was identified between
goblet cells and ASV3055 (r = 0.43). ASV3055 belongs to the order Acidaminococcales and
the genus Succiniclasticum. Bacteria of this genus have functions of fermenting succinate to
propionate to produce energy [66]. According to the results found, the NP group presented
a greater quantity of boblet cells than the other groups, and the CP group presented the
smallest quantity of goblet cells. As the correlation found was positive and moderate in
relation to this variable and the genus of bacteria Succiniclasticum, we can state that the
greater number of goblet cells can lead to a tendency towards a greater quantity of bacteria
of the genus Succiniclasticum. Although we did not find differences in the abundance of
bacteria of this genus, the results shown in this study corroborate the literature in terms of
innovation and contribute to elucidating the molecular mechanisms of fetal programming
in beef cattle.

5. Conclusions

This study offers a pioneering exploration of fetal programming’s implications for the
gastrointestinal tract’s epithelial characteristics and microbial communities. Addressing a
notable gap in research, it examines how maternal nutrition during pregnancy influences
offspring organ development and intestinal immunity. Goblet cell counts and crypt depth
variations in the gastrointestinal tract underscore the influence of FP. Ultimately, these find-
ings contribute to our understanding of fetal programming’s broad-ranging implications
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for the gastrointestinal tract’s development, shedding light on both epithelial characteristics
and microbial communities and their relevance in the context of maternal nutrition and
offspring health.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani14060870/s1, Table S1: Feces microbiome relative abundance;
Table S2: Rumen microbiome relative abundance.
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Structure in MAmmAl Model. Ann. Anim. Sci. 2020, 20, 1257–1287. [CrossRef]

8. D’Occhio, M.J.; Baruselli, P.S.; Campanile, G. Influence of Nutrition, Body Condition, and Metabolic Status on Reproduction in
Female Beef Cattle: A Review. Theriogenology 2019, 125, 277–284. [CrossRef] [PubMed]

9. Omontese, B.O.; Sharma, A.K.; Davison, S.; Jacobson, E.; Di Constanzo, A.; Webb, M.J.; Gomez, A. Microbiome Network Traits in
the Rumen Predict Average Daily Gain in Beef Cattle under Different Backgrounding Systems. Anim. Microbiome 2022, 4, 25.
[CrossRef]

https://www.mdpi.com/article/10.3390/ani14060870/s1
https://www.mdpi.com/article/10.3390/ani14060870/s1
https://doi.org/10.1016/j.meatsci.2022.109040
https://doi.org/10.1016/j.livsci.2022.105098
https://doi.org/10.3390/ani12162145
https://doi.org/10.1371/journal.pone.0237941
https://www.ncbi.nlm.nih.gov/pubmed/32854111
https://doi.org/10.1071/AN20498
https://doi.org/10.1093/af/vfab061
https://www.ncbi.nlm.nih.gov/pubmed/34934531
https://doi.org/10.2478/aoas-2020-0044
https://doi.org/10.1016/j.theriogenology.2018.11.010
https://www.ncbi.nlm.nih.gov/pubmed/30497026
https://doi.org/10.1186/s42523-022-00175-y


Animals 2024, 14, 870 15 of 17

10. Schalch Junior, F.J.; Polizel, G.H.G.; Cançado, F.A.C.Q.; Fernandes, A.C.; Mortari, I.; Pires, P.R.L.; Fukumasu, H.; Santana,
M.H.d.A.; Saran Netto, A. Prenatal Supplementation in Beef Cattle and Its Effects on Plasma Metabolome of Dams and Calves.
Metabolites 2022, 12, 347. [CrossRef]

11. Polizel, G.H.G.; de Francisco Strefezzi, R.; Cracco, R.C.; Fernandes, A.C.; Zuca, C.B.; Castellar, H.H.; Baldin, C.G.; de Almeida San-
tana, M.H. Effects of Different Maternal Nutrition Approaches on Weight Gain and on Adipose and Muscle Tissue Development
of Young Bulls in the Rearing Phase. Trop. Anim. Health Prod. 2021, 53, 536. [CrossRef]

12. Polizel, G.H.G.; Espigolan, R.; Fantinato-Neto, P.; de Francisco Strefezzi, R.; Rangel, R.B.; de Carli, C.; Fernandes, A.C.; Dias,
E.F.F.; Cracco, R.C.; de Almeida Santana, M.H. Different Prenatal Supplementation Strategies and Its Impacts on Reproductive
and Nutrigenetics Assessments of Bulls in Finishing Phase. Vet. Res. Commun. 2023, 47, 457–471. [CrossRef]

13. Cole, N.A.; Krehbiel, C.R.; Lemenager, R.P.; Erickson, G.E.; Caton, J.; Beauchemin, K.A.; Galyean, M.L.; Eisemann, J.H.; Tedeschi,
L.O. Nutrient Requirements of Beef Cattle, 8th ed.; National Academies Press: Washington, DC, USA, 2016; ISBN 978-0-309-31702-3.

14. McManus, W.R.; Lee, G.J.; Robinson, V.N.E. Microlesions on Rumen Papillae of Sheep Fed Diets of Wheat Grain. Res. Vet. Sci.
1977, 22, 135–137. [CrossRef]

15. Daniel, J.L.P.; Resende Júnior, J.C.; Cruz, F.J. Participação Do Ruminoretículo e Omaso Na Superfície Absortiva Total Do
Proventrículo de Bovinos. Braz. J. Vet. Res. Anim. Sci. 2006, 43, 688. [CrossRef]

16. Resende-Junior, J.C.; Alonso, L.D.S.; Pereira, M.N.; Roca, M.G.; Duboc, M.V.; De Oliveira, E.C.; Melo, L.Q. De Effect of the Feeding
Pattern on Rumen Wall. Braz. J. Vet. Anim. Sci 2006, 43, 526–536. [CrossRef]

17. Odongo, N.E.; AlZahal, O.; Lindinger, M.I.; Duffield, T.F.; Valdes, E.V.; Terrell, S.P.; McBride, B.W. Effects of Mild Heat Stress
and Grain Challenge on Acid-Base Balance and Rumen Tissue Histology in Lambs. J. Anim. Sci. 2006, 84, 447–455. [CrossRef]
[PubMed]

18. Bigham, M.L.; McManus, W. Whole Wheat Grain Feeding of Lambs. V.* Effects of Roughage and Wheat Grain Mixtures. Aust. J.
Agric. Res. 1975, 26, 1053–1062. [CrossRef]

19. Devant, M.; Penner, G.B.; Marti, S.; Quintana, B.; Fábregas, F.; Bach, A.; Arís, A. Behavior and Inflammation of the Rumen and
Cecum in Holstein Bulls Fed High-Concentrate Diets with Different Concentrate Presentation Forms with or without Straw
Supplementation. J. Anim. Sci. 2016, 94, 3902–3917. [CrossRef] [PubMed]

20. Pereira, M.C.S.; Dellaqua, J.V.T.; Sousa, O.A.; Santi, P.F.; Felizari, L.D.; Reis, B.Q.; Pinto, A.C.J.; Bertoldi, G.P.; Silvestre, A.M.;
Watanabe, D.H.M.; et al. Feedlot Performance, Feeding Behavior, Carcass and Rumen Morphometrics Characteristics of Nellore
Cattle Submitted to Strategic Diets Prior the Adaptation Period. Livest. Sci. 2020, 234, 103985. [CrossRef]

21. Caporaso, J.G.; Lauber, C.L.; Walters, W.A.; Berg-Lyons, D.; Lozupone, C.A.; Turnbaugh, P.J.; Fierer, N.; Knight, R. Global Patterns
of 16S RRNA Diversity at a Depth of Millions of Sequences per Sample. Proc. Natl. Acad. Sci. USA 2011, 108, 4516–4522. [CrossRef]
[PubMed]

22. SAS; Version 9.3.; Statistical Analysis System; SAS Institute Inc.: Cary, NC, USA, 2011.
23. RStudio Team. RStudio: Integrated Development for R; RStudio Team: Vienna, Austria, 2021.
24. Huber, W.; Carey, V.J.; Gentleman, R.; Anders, S.; Carlson, M.; Carvalho, B.S.; Bravo, H.C.; Davis, S.; Gatto, L.; Girke, T.; et al.

Orchestrating High-Throughput Genomic Analysis with Bioconductor. Nat. Methods 2015, 12, 115–121. [CrossRef]
25. Gentleman, R.C.; Carey, V.J.; Bates, D.M.; Bolstad, B.; Dettling, M.; Dudoit, S.; Ellis, B.; Gautier, L.; Ge, Y.; Gentry, J.; et al.

Bioconductor: Open Software Development for Computational Biology and Bioinformatics. Genome Biol. 2004, 5, R80. [CrossRef]
26. Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA2: High-Resolution Sample Inference

from Illumina Amplicon Data. Nat. Methods 2016, 13, 581–583. [CrossRef]
27. Glöckner, F.O.; Yilmaz, P.; Quast, C.; Gerken, J.; Beccati, A.; Ciuprina, A.; Bruns, G.; Yarza, P.; Peplies, J.; Westram, R.; et al.

25 Years of Serving the Community with Ribosomal RNA Gene Reference Databases and Tools. J. Biotechnol. 2017, 261, 169–176.
[CrossRef] [PubMed]

28. McMurdie, P.J.; Holmes, S. Phyloseq: An R Package for Reproducible Interactive Analysis and Graphics of Microbiome Census
Data. PLoS ONE 2013, 8, e61217. [CrossRef] [PubMed]

29. Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. EdgeR: A Bioconductor Package for Differential Expression Analysis of Digital
Gene Expression Data. Bioinformatics 2009, 26, 139–140. [CrossRef] [PubMed]

30. Law, C.W.; Chen, Y.; Shi, W.; Smyth, G.K. Voom: Precision Weights Unlock Linear Model Analysis Tools for RNA-Seq Read
Counts. Genome Biol. 2014, 15, R29. [CrossRef] [PubMed]

31. Wickham, H.; Navarro, D.; Pedersen, T.L. Ggplot2: Elegant Graphics for Data Analysis. Media 2009, 35, 10–1007.
32. Zou, X.; Liu, G.; Meng, F.; Hong, L.; Li, Y.; Lian, Z.; Yang, Z.; Luo, C.; Liu, D. Exploring the Rumen and Cecum Microbial

Community from Fetus to Adulthood in Goat. Animals 2020, 10, 1639. [CrossRef] [PubMed]
33. Long, J.M.; Trubenbach, L.A.; Pryor, J.H.; Long, C.R.; Wickersham, T.A.; Sawyer, J.E.; Satterfield, M.C. Maternal Nutrient

Restriction Alters Endocrine Pancreas Development in Fetal Heifers. Domest. Anim. Endocrinol. 2021, 74, 106580. [CrossRef]
[PubMed]

34. Wu, W.; Lu, H.; Cheng, J.; Geng, Z.; Mao, S.; Xue, Y. Undernutrition Disrupts Cecal Microbiota and Epithelium Interactions,
Epithelial Metabolism, and Immune Responses in a Pregnant Sheep Model. Microbiol. Spectr. 2023, 11, e0532022. [CrossRef]

35. Birchenough, G.M.H.; Johansson, M.E.V.; Gustafsson, J.K.; Bergström, J.H.; Hansson, G.C. New Developments in Goblet Cell
Mucus Secretion and Function. Mucosal Immunol. 2016, 176, 139–148. [CrossRef] [PubMed]

https://doi.org/10.3390/metabo12040347
https://doi.org/10.1007/s11250-021-02982-y
https://doi.org/10.1007/s11259-022-09963-y
https://doi.org/10.1016/S0034-5288(18)33276-4
https://doi.org/10.11606/issn.1678-4456.bjvras.2006.26579
https://doi.org/10.11606/issn.1678-4456.bjvras.2006.26469
https://doi.org/10.2527/2006.842447x
https://www.ncbi.nlm.nih.gov/pubmed/16424273
https://doi.org/10.1071/AR9751053
https://doi.org/10.2527/jas.2016-0594
https://www.ncbi.nlm.nih.gov/pubmed/27898891
https://doi.org/10.1016/j.livsci.2020.103985
https://doi.org/10.1073/pnas.1000080107
https://www.ncbi.nlm.nih.gov/pubmed/20534432
https://doi.org/10.1038/nmeth.3252
https://doi.org/10.1186/gb-2004-5-10-r80
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1016/j.jbiotec.2017.06.1198
https://www.ncbi.nlm.nih.gov/pubmed/28648396
https://doi.org/10.1371/journal.pone.0061217
https://www.ncbi.nlm.nih.gov/pubmed/23630581
https://doi.org/10.1093/bioinformatics/btp616
https://www.ncbi.nlm.nih.gov/pubmed/19910308
https://doi.org/10.1186/gb-2014-15-2-r29
https://www.ncbi.nlm.nih.gov/pubmed/24485249
https://doi.org/10.3390/ani10091639
https://www.ncbi.nlm.nih.gov/pubmed/32932976
https://doi.org/10.1016/j.domaniend.2020.106580
https://www.ncbi.nlm.nih.gov/pubmed/33160154
https://doi.org/10.1128/spectrum.05320-22
https://doi.org/10.1038/mi.2015.32
https://www.ncbi.nlm.nih.gov/pubmed/25872481


Animals 2024, 14, 870 16 of 17

36. Marillier, R.G.; Michels, C.; Smith, E.M.; Fick, L.C.E.; Leeto, M.; Dewals, B.; Horsnell, W.G.C.; Brombacher, F. IL-4/IL-13
Independent Goblet Cell Hyperplasia in Experimental Helminth Infections. BMC Immunol. 2008, 9, 11. [CrossRef] [PubMed]

37. Oeser, K.; Schwartz, C.; Voehringer, D. Conditional IL-4/IL-13-Deficient Mice Reveal a Critical Role of Innate Immune Cells for
Protective Immunity against Gastrointestinal Helminths. Mucosal Immunol. 2015, 8, 672–682. [CrossRef]

38. Kotunia, A.; Woliñski, J.; Laubitz, D.; Jurkowska, M.; Romé, V.; Guilloteau, P.; Zabielski, R. Effect of Sodium Butyrate on the Small
Intestine Development in Neonatal Piglets Feed by Artificial Sow. J. Physiol. Pharmacol. 2006, 55, 59–68.

39. Barker, D.J.P.; Eriksson, J.G.; Forsén, T.; Osmond, C. Fetal Origins of Adult Disease: Strength of Effects and Biological Basis. Int. J.
Epidemiol. 2002, 31, 1235–1239. [CrossRef]

40. Vautier, A.N.; Cadaret, C.N. Long-Term Consequences of Adaptive Fetal Programming in Ruminant Livestock. Front. Anim. Sci.
2022, 3, 778440. [CrossRef]

41. Edwards, P.D.; Lavergne, S.G.; McCaw, L.K.; Wijenayake, S.; Boonstra, R.; McGowan, P.O.; Holmes, M.M. Maternal Effects in
Mammals: Broadening Our Understanding of Offspring Programming. Front. Neuroendocrinol. 2021, 62, 100924. [CrossRef]

42. Playford, R.J.; Weiser, M.J. Bovine Colostrum: Its Constituents and Uses. Nutrients 2021, 13, 265. [CrossRef]
43. Hammer, C.J.; Thorson, J.F.; Meyer, A.M.; Redmer, D.A.; Luther, J.S.; Neville, T.L.; Reed, J.J.; Reynolds, L.P.; Caton, J.S.; Vonnahme,

K.A. Effects of Maternal Selenium Supply and Plane of Nutrition during Gestation on Passive Transfer of Immunity and Health
in Neonatal Lambs. J. Anim. Sci. 2011, 89, 3690–3698. [CrossRef]

44. Vandenplas, Y.; Carnielli, V.P.; Ksiazyk, J.; Luna, M.S.; Migacheva, N.; Mosselmans, J.M.; Picaud, J.C.; Possner, M.; Singhal, A.;
Wabitsch, M. Factors Affecting Early-Life Intestinal Microbiota Development. Nutrition 2020, 78, 110812. [CrossRef]

45. Long, N.M.; Vonnahme, K.A.; Hess, B.W.; Nathanielsz, P.W.; Ford, S.P. Effects of Early Gestational Undernutrition on Fetal
Growth, Organ Development, and Placentomal Composition in the Bovine. J. Anim. Sci. 2009, 87, 1950–1959. [CrossRef]

46. Duarte, M.S.; Wei, S.; Harris, S.M.; Dodson, M.V.; Du, M. Enhancement of Adipogenesis and Fibrogenesis in Skeletal Muscle of
Wagyu Compared with Angus Cattle. J. Anim. Sci. 2018, 91, 2938–2946. [CrossRef] [PubMed]

47. Cavalcanti, L.F.L.; Borges, I.; Silva, V.L.; Silva, F.V.; Sá, H.C.M.; Maciel, I.C.F.; Paula, F.A.P.; Costa, E.H.O. Morfologia Dos
Pré-Estômagos e de Papilas Ruminais de Cordeiras Santa Inês Em Crescimento Submetidas a Dois Planos Nutricionais. Pesqui.
Vet. Bras. 2014, 34, 374–380. [CrossRef]

48. De Andrade, N. Nutrition of Pregnant Ewes and Impact on Lamb Production: Fetal Programming; Faculdade de Ciências Agrárias e
Veterinárias–UNESP: São Paulo, Brazil, 2017.

49. Dirksen, G.U.; Liebich, H.G.; Mayer, E. Adaptive Changes of the Ruminal Mucosa and Their Functional and Clinical Significance.
Bov. Pract. 1985, 20, 116–120. [CrossRef]

50. Estevam, D.D.; Pereira, I.C.; Rigueiro, A.L.N.; Perdigão, A.; da Costa, C.F.; Rizzieri, R.A.; Pereira, M.C.S.; Martins, C.L.; Millen,
D.D.; Arrigoni, M.D.B. Feedlot Performance and Rumen Morphometrics of Nellore Cattle Adapted to High-Concentrate Diets
over Periods of 6, 9, 14 and 21 Days. Animal 2020, 14, 2298–2307. [CrossRef] [PubMed]

51. Guzman, C.E.; Bereza-Malcolm, L.T.; De Groef, B.; Franks, A.E. Presence of Selected Methanogens, Fibrolytic Bacteria, and
Proteobacteria in the Gastrointestinal Tract of Neonatal Dairy Calves from Birth to 72 Hours. PLoS ONE 2015, 10, e0133048.
[CrossRef] [PubMed]

52. Woodruff, K.L.; Hummel, G.L.; Austin, K.J.; Lake, S.L.; Cunningham-Hollinger, H.C. Calf Rumen Microbiome from Birth to
Weaning and Shared Microbial Properties to the Maternal Rumen Microbiome. J. Anim. Sci. 2022, 100, skac264. [CrossRef]

53. Newbold, C.J.; Ramos-Morales, E. Review: Ruminal Microbiome and Microbial Metabolome: Effects of Diet and Ruminant Host.
Animal 2020, 14, S78–S86. [CrossRef]

54. Jiao, J.; Li, X.; Beauchemin, K.A.; Tan, Z.; Tang, S.; Zhou, C. Rumen Development Process in Goats as Affected by Supplemental
Feeding v. Grazing: Age-Related Anatomic Development, Functional Achievement and Microbial Colonisation. Br. J. Nutr. 2015,
113, 888–900. [CrossRef]

55. Ratnakomala, S.; Perwitasari, U. Yopi The Amylase Production by Actinobacteria Isolated from Rumen Fluid. In IOP Conference
Series: Earth and Environmental Science; IOP Publishing: Bristol, UK, 2020; Volume 439. [CrossRef]

56. Myer, P.R.; Smith, T.P.L.; Wells, J.E.; Kuehn, L.A.; Freetly, H.C. Rumen Microbiome from Steers Differing in Feed Efficiency. PLoS
ONE 2015, 10, e0129174. [CrossRef]

57. Li, F.; Hitch, T.C.A.; Chen, Y.; Creevey, C.J.; Guan, L.L. Comparative Metagenomic and Metatranscriptomic Analyses Reveal
the Breed Effect on the Rumen Microbiome and Its Associations with Feed Efficiency in Beef Cattle 06 Biological Sciences 0604
Genetics 06 Biological Sciences 0605 Microbiology. Microbiome 2019, 7, 6. [CrossRef]

58. Petri, R.M.; Schwaiger, T.; Penner, G.B.; Beauchemin, K.A.; Forster, R.J.; McKinnon, J.J.; McAllister, T.A. Characterization of
the Core Rumen Microbiome in Cattle during Transition from Forage to Concentrate as Well as during and after an Acidotic
Challenge. PLoS ONE 2013, 8, e83424. [CrossRef] [PubMed]

59. Kang, S.H.; Evans, P.; Morrison, M.; Mcsweeney, C. Identification of Metabolically Active Proteobacterial and Archaeal Communi-
ties in the Rumen by DNA- and RNA-Derived 16S RRNA Gene. J. Appl. Microbiol. 2013, 115, 644–653. [CrossRef]

60. Lopes, D.R.G.; La Reau, A.J.; De Souza Duarte, M.; Detmann, E.; Bento, C.B.P.; Mercadante, M.E.Z.; Bonilha, S.F.M.; Suen, G.;
Mantovani, H.C. The Bacterial and Fungal Microbiota of Nelore Steers Is Dynamic across the Gastrointestinal Tract and Its
Fecal-Associated Microbiota Is Correlated to Feed Efficiency. Front. Microbiol. 2019, 10, 1263. [CrossRef] [PubMed]

61. Luz Calle, M. Statistical Analysis of Metagenomics Data. Genom. Inform. 2019, 17, e6. [CrossRef] [PubMed]

https://doi.org/10.1186/1471-2172-9-11
https://www.ncbi.nlm.nih.gov/pubmed/18373844
https://doi.org/10.1038/mi.2014.101
https://doi.org/10.1093/ije/31.6.1235
https://doi.org/10.3389/fanim.2022.778440
https://doi.org/10.1016/j.yfrne.2021.100924
https://doi.org/10.3390/nu13010265
https://doi.org/10.2527/jas.2010-3724
https://doi.org/10.1016/j.nut.2020.110812
https://doi.org/10.2527/jas.2008-1672
https://doi.org/10.2527/jas.2012-5892
https://www.ncbi.nlm.nih.gov/pubmed/23508025
https://doi.org/10.1590/S0100-736X2014000400013
https://doi.org/10.21423/bovine-vol1985no20p116-120
https://doi.org/10.1017/S1751731120001147
https://www.ncbi.nlm.nih.gov/pubmed/32515320
https://doi.org/10.1371/journal.pone.0133048
https://www.ncbi.nlm.nih.gov/pubmed/26186002
https://doi.org/10.1093/jas/skac264
https://doi.org/10.1017/S1751731119003252
https://doi.org/10.1017/S0007114514004413
https://doi.org/10.1088/1755-1315/439/1/012019
https://doi.org/10.1371/journal.pone.0129174
https://doi.org/10.1186/s40168-019-0618-5
https://doi.org/10.1371/journal.pone.0083424
https://www.ncbi.nlm.nih.gov/pubmed/24391765
https://doi.org/10.1111/jam.12270
https://doi.org/10.3389/fmicb.2019.01263
https://www.ncbi.nlm.nih.gov/pubmed/31293524
https://doi.org/10.5808/GI.2019.17.1.e6
https://www.ncbi.nlm.nih.gov/pubmed/30929407


Animals 2024, 14, 870 17 of 17

62. Solden, L.M.; Hoyt, D.W.; Collins, W.B.; Plank, J.E.; Daly, R.A.; Hildebrand, E.; Beavers, T.J.; Wolfe, R.; Nicora, C.D.; Purvine, S.O.;
et al. New Roles in Hemicellulosic Sugar Fermentation for the Uncultivated Bacteroidetes Family BS11. ISME J. 2017, 11, 691–703.
[CrossRef] [PubMed]

63. Schober, P.; Schwarte, L.A. Correlation Coefficients: Appropriate Use and Interpretation. Anesth Analg 2018, 126, 1763–1768.
[CrossRef] [PubMed]

64. Gharechahi, J.; Vahidi, M.F.; Bahram, M.; Han, J.L.; Ding, X.Z.; Salekdeh, G.H. Metagenomic Analysis Reveals a Dynamic
Microbiome with Diversified Adaptive Functions to Utilize High Lignocellulosic Forages in the Cattle Rumen. The ISME Journal
2020, 15, 1108–1120. [CrossRef]

65. Kruger Ben Shabat, S.; Sasson, G.; Doron-Faigenboim, A.; Durman, T.; Yaacoby, S.; Berg Miller, M.E.; White, B.A.; Shterzer, N.;
Mizrahi, I. Specific Microbiome-Dependent Mechanisms Underlie the Energy Harvest Efficiency of Ruminants. ISME J. 2016, 10,
2958–2972. [CrossRef]

66. Van Gylswyk, N.O. Succiniclasticum Ruminis Gen. Nov., Sp. Nov., a Ruminal Bacterium Converting Succinate to Propionate as
the Sole Energy-Yielding Mechanism. Int. J. Syst. Bacteriol. 1995, 45, 297–300. [CrossRef] [PubMed]

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/10.1038/ismej.2016.150
https://www.ncbi.nlm.nih.gov/pubmed/27959345
https://doi.org/10.1213/ANE.0000000000002864
https://www.ncbi.nlm.nih.gov/pubmed/29481436
https://doi.org/10.1038/s41396-020-00837-2
https://doi.org/10.1038/ismej.2016.62
https://doi.org/10.1099/00207713-45-2-297
https://www.ncbi.nlm.nih.gov/pubmed/7537062

	Introduction 
	Materials and Methods 
	Experimental Design 
	Feeding Management 
	Histological Assessments 
	Ruminitis Incidence and Papillae Morphometric 
	Papillae Microscopic Histological Measurement 
	Cecum Morphometrics 

	rRNA 16S Sequences Samples 
	Statistical Analysis 
	Histological Analyses of Rumen and Cecum 
	rRNA 16S Sequencing Analysis 
	Pearson’s Correlation Analysis 


	Results 
	Rumenitis and Cecum Cells Score 
	Sequencing of Ruminal and Fecal Bacterial Communities 
	Pearson’s Correlation Analysis 

	Discussion 
	Conclusions 
	References

