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Simple Summary: The rumen is a crucial organ in the digestion process of bovines; however, in
beef cattle, it is not fully developed until sometime after weaning. In the same way, the microbial
population that inhabits the rumen is constantly changing as animals age. The initial inoculation
of the rumen of beef calves is heavily influenced by the environment, including the presence of
adult animals in the pasture such as the cows. This study investigated the longitudinal changes
that occur in the ruminal microbiota of Angus beef steers from weaning to slaughter. Ruminal
samples were collected from 12 cows and their steer calves on weaning day, followed by subsequent
collections on the same group of steers as they entered the feedlot, upon leaving the feedlot, and
at the slaughterhouse. Results revealed that the ruminal microbial composition of the steers at a
younger age (at weaning) was very similar to the ruminal microbiota of the adult cows; more so than
it was from their own microbiota at later ages.

Abstract: The ruminal microbiota of Angus cows and steers were characterized using 16s rRNA
gene sequencing, and the expression of their metabolic pathways was predicted. Samples were
collected on weaning day from the steers and the cows, and subsequently on three other occasions
from the steers. Results showed that microbial richness, evenness, and diversity decreased (p < 0.001)
in the rumen of the steers as they were weaned and transitioned to a high-concentrate feedlot diet.
However, on the day of weaning, microbial evenness was similar to that observed in the rumen
of cows (p = 0.12). The abundance of archaea was similar (p = 0.59) between the cows and steers
at weaning, but it decreased (p = 0.04) in the rumen of steers after weaning, and remained stable
(p ≥ 0.44) for the remainder of their lives. Likewise, no difference (p = 0.51) in the abundance of
Bacteroidetes was detected between the cows and the calves on the day they were weaned, but the
abundance of this phylum increased (p = 0.001) and remained stable after that. These results suggest
that cows may have a strong influence on the composition, and help modulate the ruminal microbiota
of young calves; however, following weaning, their ruminal microbiotas tend to differentiate from
that state observed at earlier ages.

Keywords: calf; cow; dam; metabolic pathway; microbiome; rumen development

1. Introduction

The microbial population of the rumen is crucial to the ability of the animal to degrade
cellulosic forage and allows the ruminant animal to thrive in environments that monogastric
animals cannot [1]. Ruminant animals are born with a nearly sterile gastrointestinal tract
that quickly becomes colonized by a succession of microbes during and after birth due
to passage through the birth canal and subsequent maternal contact [2–4]. Immediately
following birth, calves are constantly exposed to the maternal gastrointestinal microbial
population via the udder, milk, and maternal licking [2,4]. However, maternal contact
does not appear to be a persistent microbial seeding route for the gastrointestinal tract of
calves [5]. This relationship underscores the fact that the dam is a significant driving force
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of inoculation and colonization of the rumen of beef calves, but the length of this impact is
unclear. Furthermore, the temporal extent of maternal influence on the calf gastrointestinal
microbial population remains unknown [5].

The lack of a microbial population at birth means that young calves are not functionally
ruminant animals [6]. However, as the ruminal fermentation begins producing short-chain
fatty acids (SCFA), it causes the rumen epithelial tissue to grow faster than the rest of
the gastrointestinal tract (allometrically) [4,7]. The composition of the ruminal microbial
population determines the end products of the ruminal fermentation, and therefore the
amount of SCFA available to the ruminant that affects the subsequent rate of ruminal
development [8,9].

Beef calves typically remain with their dams until weaning at 6–8 months of age.
Following weaning, calves are dependent on the ruminal microbial degradation of feedstuff
for all their nutritional requirements. As calves mature, they often are reared under several
different production scenarios (e.g., backgrounding, feedlot) where they consume very
different rations ranging from pasture to high grain rations in the feedlot. The ruminal
microbial population is plastic and changes in response to different feedstuffs utilized in
each production phase, yet it is unclear how the early ruminal microbial composition of
calves is predictive of the microbial population of the adult animal. Therefore, the present
study was designed to evaluate the changes in the ruminal microbiota of Angus beef steers
from weaning until slaughter. Ruminal samples from cows and their steer calves were
collected at weaning, and ruminal microbial populations were again evaluated at feedlot
entry and departure as well as arrival at the abattoir.

2. Materials and Methods
2.1. The Animals Used in the Study

All animal procedures performed in this study were reviewed and approved by the
University of Georgia’s Animal Care and Use Committee (AUP #A2012 11-006-R1).

Angus cattle selected for six generations based on predicted carcass intramuscular fat
(marbling) and feed conversion (residual average daily gain) were used in the current study.
The selection criteria and purpose are described elsewhere [10,11], and are unrelated to the
purpose of the current study. In brief, the steers were produced from a cow herd located at
the University of Georgia’s research and education center located in Calhoun, GA (34◦30′ N,
84◦57′ W). They were born in the spring of 2018 and reared in a pasture-based system
until weaning at approximately 7.5 months of age. Following weaning, the steers were
backgrounded on pasture until they entered the feedlot-finishing phase at approximately
13 months of age. The feedlot was located in Brasstown, NC (35◦10′ N, 83◦23′ W) and the
animals stayed there for approximately 4 months before being slaughtered at the UGA
Meat Science Technology Center, in Athens, GA (33◦57′ N, 83◦22′ W). The composition of
the diet fed during the feedlot-finishing period can be found in Supplementary Table S1.

2.2. Collection and Processing of Samples

During the described life cycle, ruminal samples were collected from the steers at
different timepoints, namely: (1) On their weaning day; (2) When they started receiving a
high-grain diet in the feedlot; (3) During their last week in the feedlot; (4) Upon arriving
at the slaughterhouse (lairage). Additionally, on weaning day, ruminal samples were
also collected from their mothers. All samples were collected by esophageal tubing as
previously described [12,13]. Briefly, this method uses a hose with a perforated probe,
which was introduced in the animal’s forestomach, and through the use of a vacuum pump,
approximately 300 mL of ruminal fluid was obtained from each animal. A subsample of ap-
proximately 45 mL was then transferred to a sterile conical tube and immediately placed on
ice. The samples were then transported to the laboratory and stored at −80 ◦C until further
processing. Once all samples had been gathered, total DNA extraction was performed using
a methodology previously described [14], except that the DNA purification and elution
processes were performed manually instead of using a robotic workstation. The procedure
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utilized for DNA extraction used a combination of mechanical and enzymatic methods to
obtain the genomic DNA. Briefly, 0.33 g of sample was placed into a Lysing Matrix E Tube
(MP Biomedicals, Solon, OH, USA), which was homogenized in a FastPrep 24 homogenizer
(MP Biomedicals, LLC, Irvine, CA, USA) at 6.0 m/s for 40 s. Following, the samples were
further processed using a QIAamp Fast DNA Stool Mini Kit (Qiagen Inc., Germantown,
MD, USA) following the manufacturer’s instructions. The purified DNA was eluted in a
total volume of 100 µL. The DNA concentrations were determined spectrophotometrically
using the Synergy H4 Hybrid Microplate Reader (BioTek Instruments, Inc., Winooski, VT,
USA). Samples with a minimum concentration of 10 ng/µL of DNA were stored at −20 ◦C
until further analysis. Samples that failed to meet that requirement were rejected and
subjected to a new DNA extraction cycle.

2.3. DNA Sequencing and Bioinformatics

Microbial DNA sequencing was performed at the Georgia Genomics and Bioinfor-
matics Core. Library preparation was performed using the S-D-Bact-0341-b-S-17 (5′-
CCTACGGGNGGCWGCAG-3′) forward and S-D-Bact-0785-a-A-21 (5′-GACTACHVGGGT
ATCTAATCC-3′) reverse primers. This primer pair amplifies the V3-V4 hypervariable
regions of the 16S rRNA gene, producing an expected amplicon size of 464bp, and can cap-
ture up to 64.6% of the domain Archaea [15]. Each PCR reaction contained a DNA template
(12.5 ng), 5 µL forward primer (1 µM), 5 µL reverse primer (1 µM), 12.5 µL 2× Kapa HiFi
Hotstart ready mix (Roche Molecular Systems, Inc., Indianapolis, IN, USA), and water to a
final volume of 25 µL. The DNA was subjected to initial denaturation at 95 ◦C for 3 min.
Amplification was then achieved by 25 cycles of denaturation at 95 ◦C for 30 s, annealing
at 55 ◦C for 30 s, and extension at 72 ◦C for 30 s. Final extension was at 72 ◦C for 5 min.
PCR products were cleaned using AMPure XP magnetic beads (Beckman Coulter, Inc.,
Indianapolis, IN, USA) and 80% ethanol. The PCR products were then submitted to an-
other round of PCR to incorporate indexes to the samples (Illumina Nextera XT indexing
primers, Illumina, Inc., San Diego, CA, USA). In this step, each PCR reaction contained
5 µL of each index primer, 25 µL 2× Kapa HiFi Hot Start Ready-mix (Roche Molecular
Systems, Inc., Indianapolis, IN, USA), and 10 µL water. PCR cycling conditions were as
previously described except for the number of amplification cycles, which was set to 8. PCR
products were cleaned using AMPure XP beads and 80% ethanol, pooled, and paired ends
were sequenced at a read length of 300 nucleotides on a MiSeq platform (Illumina, Inc.,
San Diego, CA, USA). A bacteriophage PhiX genome (PhiX Control v3 Library; Illumina
Inc., San Diego, CA, USA) was used as a quality control for the sequencing runs.

Sequencing data were demultiplexed and converted into FASTQ files, and the paired-
end sequences were converted into QIIME 2 artifacts. The non-biological nucleotides
were removed, and sequences were denoised, dereplicated, and chimera-filtered using
DADA2 [16]. Taxonomies were assigned to the sequences by using a pre-trained Naive
Bayes classifier which was trained on the SILVA 138 SSU database [17], and reads were clas-
sified by taxon using the fitted classifier [18]. Samples were rarefied to 5041 sequences per
sample prior to computing alpha and beta diversity using the “qiime diversity” plugin [19].
Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PI-
CRUSt2) was carried out to make inferences about the metabolic functions of the microbial
community [20]. Metagenome metabolic functions were assessed using the MetaCyc path-
way database [21]. Expression of the pathways in the rumen of the cows was set to 100%,
and the expression observed in the other samples (steers at the different stages of their life
cycles) was calculated relative to the ones observed in the cows.

2.4. Data Availability and Statistical Analysis

Nucleotide sequencing data were deposited in a public repository (MG-RAST) [22]
under accession number mgm4944536.3. Statistical analyses were performed using the
software R (v3.3.3; R Foundation for Statistical Computing, Vienna, Austria), and Minitab
(v18.1; Minitab, LLC State College, Pennsylvania, USA). Independent ANOVAs were
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performed between all timepoints (e.g., at weaning vs. beginning feedlot; beginning vs.
end of feedlot; etc.) using each animal as an experimental unit. In addition, data from the
cows were compared to the steers at weaning. Results were declared statistically significant
when p ≤ 0.05.

3. Results
3.1. Microbial Richness, Evenness, and Diversity

Beta-diversity analysis (Figure 1) revealed two major clusters: one containing the
ruminal samples of cows and the steers at weaning, and another cluster comprising the
samples taken from the steers at the beginning and end of the feedlot phase, as well as upon
arrival at the slaughterhouse (lairage). The three main features driving the clustering of the
groups were fadb51778536c78578228b3e6173ff16: Genus Prevotella (uncultured_rumen);
fb044135d491429c8c4f69dcbab3ec63: Genus Prevotella (uncultured_Prevotella); and
580de5d0d4c9377e0154cd1187efb7c1: Genus F082 (uncultured_rumen). The number of
features detected in each sample type, and sample evenness (Figure 2) were numerically
greater for the cows, followed by steers at weaning, and had a very significant drop
(p < 0.001; Table 1) when steers entered the feedlot, and remained lower for the other
phases. Similarly, microbial diversity (Figure 3), expressed both as Shannon diversity
index and Faith’s phylogenetic diversity index had a similar behavior, with higher values
observed for the adult cows, followed by the steers on weaning day.

Table 1. Number of observed features, Shannon diversity index, Faith’s phylogenetic diversity index,
and species evenness observed in the ruminal samples of the adult cows, steers on weaning day, steers
at beginning of feedlot phase (on-test), steers at end of feedlot phase (off-test), and upon arriving at
the slaughterhouse (lairage).

Item Cows Steers
Weaning

Steers
On-Test

Steers
Off-Test

Steers
Lairage Contrast 1 Contrast 2 Contrast 3 Contrast 4

Obs. Features 1545 1106 395 393 489 0.03 <0.001 0.96 0.12
Shannon Index 9.9 9.2 7.1 7.2 7.3 0.03 <0.001 0.83 0.64

Faith’s PD 84.3 66.3 37.8 40.1 45.4 0.001 <0.001 0.32 0.06
Evenness 0.937 0.912 0.837 0.843 0.824 0.12 <0.001 0.59 0.32

Contrast 1: p-value for the comparison cow vs. steers at weaning. Contrast 2: p-value for the comparison steers at
weaning vs. steers at beginning of feedlot. Contrast 3: p-value for the comparison steers at beginning of feedlot
vs. steers at the end of feedlot. Contrast 4: p-value for the comparison steers at end of feedlot vs. steers at the
slaughterhouse (lairage).

Figure 1. Principal coordinates analysis of Beta-diversity (Unweighted UniFrac) observed in the
ruminal samples of the adult cows, steers on weaning day, steers at beginning of feedlot phase
(on-test), steers at end of feedlot phase (off-test), and upon arriving at the slaughterhouse (lairage).
PERMANOVA p-value = 0.001.



Animals 2022, 12, 1066 5 of 12

Figure 2. Number of observed features and Pielou’s evenness index observed in the ruminal samples
of the adult cows, steers on weaning day, steers at beginning of feedlot phase (on-test), steers at end
of feedlot phase (off-test), and upon arriving at the slaughterhouse (lairage). Average values and
significance for the contrasts are presented in Table 1.
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Figure 3. Shannon diversity index and Faith’s phylogenetic diversity index observed in the ruminal
samples of the adult cows, steers on weaning day, steers at beginning of feedlot phase (on-test), steers
at end of feedlot phase (off-test), and upon arriving at the slaughterhouse (lairage). Average values
and significance for the contrasts are presented in Table 1.

3.2. Specific Microbial Taxa

Overall, 99.85% of our sequences were classified at the phylum level, 99.5% were
classified at the family level, 97.5% at the genus level, and less than 50% could be identified
at the species level. The archaeal population was greater in the animals that were grazing,
i.e., the cows and their weanling steers (Figure 4); however, a sharp decrease (p = 0.04)
in archaea was detected when comparing the steers at weaning to the samples obtained
when they entered the feedlot. After this transition to a high-grain feedlot diet, archaeal
populations remained lower than what was observed at weaning. The average abundance
of archaea in all samples was 0.28%. When investigating at deeper taxonomic levels,
we found that the predominant archaeal taxon was Methanobrevibacter, with an average
abundance of 0.27%.
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Figure 4. Percentage of archaea detected in the ruminal samples of the adult cows, steers on weaning
day, steers at beginning of feedlot phase (on-test), steers at end of feedlot phase (off-test), and upon
arriving at the slaughterhouse (lairage). A significant difference (*) was detected between steers at
weaning and at beginning of the feedlot phase (p = 0.04); but not for the other contrasts (p ≥ 0.44).

At the phylum level, Figure 5 shows the great degree of similarity between the ruminal
microbiota of the steers on weaning day to the rumen population of the cows. However,
following weaning, the abundance of Bacteroidetes increased (p = 0.001) and remained
higher than at the earlier stages (p ≥ 0.22). Conversely, the ruminal abundance of Verru-
comicrobia and Planctomycetes was numerically greater in the cows and steers at weaning,
but dropped (p ≤ 0.001) after steers were weaned. The abundance of the other major
phylum—Firmicutes—fluctuated from 21.6 to 29.9% in all sample types and the contrasts
were not statistically significant (p ≥ 0.10).

Figure 5. The abundance of the main phyla in the ruminal samples of the adult cows, steers on
weaning day, steers at beginning of feedlot phase (on-test), steers at end of feedlot phase (off-test),
and upon arriving at the slaughterhouse (lairage).
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3.3. Expressed Metabolic Pathways

The predicted expression of some relevant microbial metabolic pathways (Table 2)
is in alignment with the microbiota results, as they reveal an overall similarity between
samples collected from the cows to the ones collected from the steers at weaning, the only
exception being for L-histidine degradation I, which was greater in the cows (p = 0.03).
Interestingly, the expression of all the metabolic pathways shown in Table 2 significantly
changed (p ≤ 0.03) when comparing the steers at the beginning of the feedlot phase to
the samples obtained at weaning. Moreover, there were no significant changes when
comparing the ruminal samples collected at the beginning to the ones from the end of
the feedlot phase (p ≥ 0.20). Likewise, no significant changes (p ≥ 0.06) were found when
contrasting the ruminal samples collected at lairage to the ones obtained at the end of the
feedlot phase.

Table 2. Calculated expressions * of selected microbial metabolic pathways for the ruminal samples
of the adult cows, steers on weaning day, steers at beginning of feedlot phase (on-test), steers at end
of feedlot phase (off-test), and upon arriving at the slaughterhouse (lairage).

Item Cows Steers
Weaning

Steers
On-Test

Steers
Off-Test

Steers
Lairage

Contrast
1

Contrast
2

Contrast
3

Contrast
4

Arginine, ornithine, and
proline interconversion 100% 117.1 68.8 76.1 49.8 0.13 <0.01 0.56 0.06

L-arginine biosynthesis I (via
L-ornithine) 100% 99.9 89.9 88.8 87.8 0.92 <0.01 0.72 0.78

L-arginine biosynthesis II
(acetyl cycle) 100% 97.6 82.4 83.1 79.5 0.30 <0.01 0.87 0.48

L-aspartate and L-asparagine
biosynthesis 100% 102.6 123.6 120.1 113.4 0.40 <0.01 0.34 0.15

Pyruvate fermentation to
butanoate 100% 93.7 55.5 62.5 76.0 0.51 <0.01 0.42 0.20

Tetrahydrofolate biosynthesis
and salvage 100% 99.1 109.5 109.5 108.2 0.46 <0.01 0.98 0.70

Gluconeogenesis I 100% 101.1 110.0 110.3 108.6 0.40 <0.01 0.84 0.42
β-D-glucuronosides
degradation 100% 101.0 125.7 113.9 106.9 0.89 0.03 0.20 0.51

L-histidine degradation I 100% 83.0 125.4 132.9 137.8 0.03 <0.01 0.42 0.70
Methanogenesis from H2 and
CO2

100% 125.1 54.1 67.4 64.1 0.39 0.02 0.47 0.89

Methylerythritol phosphate
pathway I 100% 101.8 108.5 108.3 104.8 0.16 <0.01 0.96 0.19

O-antigen building blocks
biosynthesis 100% 99.9 85.0 90.3 82.4 0.98 <0.01 0.21 0.16

L-lysine fermentation to
acetate and butanoate 100% 127.6 41.0 49.8 49.3 0.17 <0.01 0.36 0.97

Cob(II)yrinate a,c-diamide
biosynthesis I 100% 103.9 43.8 46.7 68.9 0.60 <0.01 0.78 0.15

Methylerythritol phosphate
pathway II 100% 101.8 108.5 108.3 104.8 0.16 <0.01 0.96 0.19

Phosphatidylglycerol
biosynthesis I 100% 101.7 94.0 95.0 88.4 0.26 <0.01 0.71 0.10

Phosphatidylglycerol
biosynthesis II 100% 101.7 94.0 95.0 88.4 0.26 <0.01 0.71 0.10

NAD salvage pathway I 100% 101.6 110.9 109.3 105.6 0.40 <0.01 0.56 0.26
UDP-N-acetyl-D-glucosamine
biosynthesis I 100% 98.4 76.0 83.9 73.3 0.66 <0.01 0.24 0.23

Average Expression 100% 103.1 89.8 92.2 89.4 - - - -

* Calculated expression for the steers was compared to the cows, which were set as the standard (100%). Contrast
1: p-value for the comparison cow vs. steers at weaning. Contrast 2: p-value for the comparison steers at weaning
vs. steers at beginning of feedlot. Contrast 3: p-value for the comparison steers at beginning of feedlot vs.
steers at the end of feedlot. Contrast 4: p-value for the comparison steers at end of feedlot vs. steers at the
slaughterhouse (lairage).

4. Discussion

The similarity between the cows’ and the steers’ microbiota at weaning was evident
from several different perspectives: from analyzing the overall microbial richness (number
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of observed features), microbial diversity (Shannon diversity and Faith’s phylogenetic
diversity), microbial evenness, beta-diversity, and several individual microbial taxa. It
is not clear, however, if the similarities between the cows and the weanling steers were
a result of direct transmission of microbes from the cows to the calves, or if these two
groups of animals developed similar microbiotas because they were on the same type of
diet (pasture-based); or even if that was due to a combination of diet and direct transmis-
sion from the cows. In Holstein dairy cows, a comparison of the bacterial communities
found in vaginal and fecal samples from 81 cows revealed that maternal vaginal micro-
biota potentially influences the initial bacterial colonization of the calf upper respiratory
tract [23]. Moreover, a direct modulation of piglet microbiota through maternal microbial
transfer has been suggested, and this modulation had some long-term effects on how pigs
performed [24]. Since swine production occurs in a totally confined environment in which
the conditions are more controlled, this indicates that the direct transfer of microbes plays
an important role in the mother-offspring microbial similarity; and this was likely the case
in the present study. Despite the maternal effect on the offspring’s microbiota, following
weaning, calves are transitioned to a diet made exclusively of solid feeds. According to
Clemmons and collaborators (2019), diet is one of the main drivers of microbial community
composition and modulation in cattle [25]. Therefore, the differentiation observed in the
calves’ microbiota following weaning in the present study is not unexpected.

The overall microbial richness, diversity, and evenness observed in the rumen of our
animals were all greater for the cows. Besides being older (and consequently having their
gastrointestinal tracts fully developed), the cows were exclusively on a forage-based diet,
which is known to increase microbial diversity [26,27]. Interestingly, Pielou’s evenness
index was similar for the cows and the steers at weaning, but as the steers were weaned
and transitioned to a grain-based diet, ruminal evenness was reduced. Similarly, both
microbial richness and diversity sharply decreased after the steers were weaned, and these
traits tended to remain lower for the remainder of the steers’ productive life.

A recent study using cannulated Holstein cows [26] demonstrated the clear distinction
between the rumen environment of cows fed a diet containing 70% forage compared to
cows fed only 30% forage: The 70%-forage diet group maintained a greater ruminal pH
throughout the day and promoted greater ruminal diversity and richness. In the present
study, the second time point where the steers had samples collected was when they were
in a feedlot, and therefore, on a high-grain diet. That was also the case for the subsequent
time points. Consequently, the fact that their ruminal richness, diversity, and evenness
never returned to the “at weaning” levels is in line with previous findings.

Although the primers used in the present study were not specifically designed for
the domain Archaea, they are able to capture up to 64.6% of that domain [15]. Thus, even
though not all of archaea are able to be represented in this study, this primer pair is still
one of the best at showing the majority of the species within the domains of Archaea and
Bacteria. The abundance of archaea in the rumen of cattle was similar (p = 0.59) for the cows
and the steers on weaning day, but it dropped more than 50% after weaning and remained
at similar levels for all the other time points. Differently from our results, Kumar and
collaborators [28] did not see changes in archaeal diversity when dairy cows transitioned
from a ration composed of 80% forages to one composed of 50% forage. However, Zhang
and collaborators [29] reported a decreased number of archaeal species as the level of
inclusion of concentrate in the ration increased, which is in line with what we observed.

With respect to the main phyla, the relative abundance of Bacteroidetes was 52.3 and
53.9% for the cows and steers at weaning, which was found to be similar; but following
weaning, ruminal abundance of this phylum significantly increased to 64.7% and never
dropped below 62% for all the other time points. In contrast, no significant differences were
observed in the second most abundant phylum: Firmicutes. In line with our results, [30]
also found an increase in Bacteroidetes as cows moved from a high-forage diet to a low-
forage diet; however, they also observed a decrease in the population of Firmicutes, which
we did not find.
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Besides the changes observed in the microbiota, several differences were also observed
in the expression of microbial metabolic pathways. Interestingly, virtually all the pathways
that we studied were similarly expressed in the adult cows and the steers at weaning. As the
steers progressed to the feedlot-finishing phase, the expression of those pathways markedly
changed compared to the observations done at weaning; however, at the next timepoints
(end of feedlot phase and slaughter), the expression of the pathways remained unchanged
compared to the beginning of the feedlot. A good example of this is the pathway involved
in methanogenesis from H2 and CO2, which was similarly expressed in the cows and the
steers at weaning (p = 0.39) but decreased (p = 0.02) as animals moved into the feedlot,
and remained steady (p ≥ 0.47) at the other two timepoints evaluated. Moreover, results
from this methanogenic pathway are in line with the ones observed in the microbiota of
our animals, which revealed ga reater abundance of methanogenic archaea at weaning
compared to the later periods.

Contrarily to what was observed for methanogenesis from H2 and CO2, the expression
of the gluconeogenic pathway using malate as a carbon substrate (i.e., gluconeogenesis I)
increased as the steers transitioned to a high-grain diet, despite being similar to the ex-
pression of the cows on weaning day. This indicates that the generation of glucose by the
microbiota starting from non-sugar substrates intensified during the feedlot, compared to
the weaning stage when steers were on a forage-based diet.

5. Conclusions

This longitudinal analysis of the ruminal microbiota of Angus beef steers revealed
that, at weaning, the microbial composition of the steers closely resembled the composition
observed in the adult cows (i.e., their mothers). However, following weaning and transi-
tioning to a feedlot-finishing setting, the microbiota of their rumens experienced significant
changes, which included a decrease in the overall microbial richness and diversity, a de-
crease in archaeal population, and an increased abundance of Bacteroidetes. Furthermore,
those changes persisted for the remainder of the steers’ productive life (assessed at the
end of the feedlot phase and upon arrival at the slaughterhouse). The metabolic path-
ways expressed by their rumen microbiotas also changed and followed a similar pattern,
with drastic changes following weaning. These findings suggest that the composition
and function of the steers’ microbiota are heavily influenced by their mothers’, but change
dramatically after weaning. Additionally, although the changes that occurred after weaning
were likely due to the change in the steers’ diets (i.e., they moved from a pasture-based diet
during the cow/calf phase to a high-grain diet in the feedlot), further studies are necessary
to elucidate if the similarity of their microbiotas to the one of the cows at weaning is due to
animal behavior/natural inoculation by the cows, or simply due to their diet.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ani12091066/s1, Figure S1: Abundance of the main families in
the ruminal samples of the adult cows, steers on weaning day, steers at beginning of feedlot phase
(on-test), steers at end of feedlot phase (off-test), and upon arriving at the slaughterhouse (lairage);
Figure S2: Abundance of the main genera (relative abundance 0.2% or greater) in the ruminal samples
of the adult cows, steers on weaning day, steers at beginning of feedlot phase (on-test), steers at end
of feedlot phase (off-test), and upon arriving at the slaughterhouse (lairage); Table S1: Composition
of the diets used during the transition and finishing periods in the feedlot. The transition diet was
fed for the first 21 days, and the finishing diet for the remainder of the feedlot-finishing period.

Author Contributions: Conceptualization, J.M.L. and T.D.P.; methodology, T.R.K. and T.D.P.; soft-
ware, J.M.L.; validation, C.B.W.; formal analysis, J.M.L.; investigation, J.M.L., T.R.K., C.B.W., T.R.C.
and T.D.P.; resources, T.D.P.; data curation, T.R.K.; writing—original draft preparation, J.M.L., T.R.K.,
C.B.W., T.R.C. and T.D.P.; supervision, T.D.P.; project administration, T.D.P.; funding acquisition,
T.D.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

https://www.mdpi.com/article/10.3390/ani12091066/s1
https://www.mdpi.com/article/10.3390/ani12091066/s1


Animals 2022, 12, 1066 11 of 12

Institutional Review Board Statement: All animal procedures performed in this study were re-
viewed and approved by the University of Georgia’s Animal Care and Use Committee (AUP #A2012
11-006-R1).

Informed Consent Statement: Not applicable.

Data Availability Statement: The nucleotide sequencing data used in this study were deposited in a
public repository (MG-RAST) under accession number mgm4944536.3.

Acknowledgments: Authors would like to express their appreciation to the staff at the Northwest
Georgia Research and Education Center, and Brasstown Beef, LLC for their support of this project.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hungate, R.E. The Rumen and Its Microbes; Academic Press: New York, NY, USA, 1966.
2. Anderson, K.L.; Nagaraja, T.G.; Morrill, J.L.; Avery, T.B.; Galitzer, S.J.; Boyer, J.E. Ruminal microbial development in conventionally

or early-weaned calves. J. Anim. Sci. 1987, 64, 1215–1226. [CrossRef] [PubMed]
3. Uyeno, Y.; Sekiguchi, Y.; Kamagata, Y. rRNA-based analysis to monitor succession of faecal bacterial communities in Holstein

calves. Lett. Appl. Microbiol. 2010, 51, 570–577. [CrossRef] [PubMed]
4. Malmuthuge, N.; Griebel, P.J.; Guan, L.L. The Gut Microbiome and Its Potential Role in the Development and Function of

Newborn Calf Gastrointestinal Tract. Front. Vet. Sci. 2015, 2, 36. [CrossRef] [PubMed]
5. Barden, M.; Richards-Rios, P.; Ganda, E.; Lenzi, L.; Eccles, R.; Neary, J.; Oultram, J.; Oikonomou, G. Maternal influences on

oral and faecal microbiota maturation in neonatal calves in beef and dairy production systems. Anim. Microbiome 2020, 2, 31.
[CrossRef] [PubMed]

6. Russell, J.B. Rumen Microbiology and Its Role in Ruminant Nutrition; Department of Microbiology, Cornell University:
Ithaca, NY, USA, 2002; p. 120.

7. Lohakare, J.D.; Südekum, K.H.; Pattanaik, A.K. Nutrition-induced Changes of Growth from Birth to First Calving and Its Impact
on Mammary Development and First-lactation Milk Yield in Dairy Heifers: A Review. Asian-Australas. J. Anim. Sci. 2012, 25,
1338–1350. [CrossRef]

8. Coverdale, J.A.; Tyler, H.D.; Quigley, J.D., III; Brumm, J.A. Effect of Various Levels of Forage and Form of Diet on Rumen
Development and Growth in Calves. J. Dairy Sci. 2004, 87, 2554–2562. [CrossRef]

9. Khan, M.A.; Weary, D.M.; von Keyserlingk, M.A.G. Hay intake improves performance and rumen development of calves fed
higher quantities of milk. J. Dairy Sci. 2011, 94, 3547–3553. [CrossRef]

10. Detweiler, R.A.; Pringle, T.D.; Rekaya, R.; Wells, J.B.; Segers, J.R. The impact of selection using residual average daily gain and
marbling EPDs on growth, performance, and carcass traits in Angus steers1. J. Anim. Sci. 2019, 97, 2450–2459. [CrossRef]

11. Krause, T.; Lourenco, J.; Welch, C.B.; Rothrock, M.J.; Callaway, T.; Pringle, T.D. The relationship between the rumen microbiome
and carcass merit in Angus steers. J. Anim. Sci. 2020, 98, skaa287. [CrossRef]

12. Lourenco, J.; Callaway, T.; Kieran, T.; Glenn, T.; McCann, J.C.; Stewart, R.L.J. Analysis of the Rumen Microbiota of Beef Calves
Supplemented During the Suckling Phase. Front. Microbiol. 2019, 10, 1131. [CrossRef]

13. Lourenco, J.M.; Kieran, T.J.; Seidel, D.S.; Glenn, T.C.; Silveira, M.F.D.; Callaway, T.R.; Stewart, R.L., Jr. Comparison of the ruminal
and fecal microbiotas in beef calves supplemented or not with concentrate. PLoS ONE 2020, 15, e0231533. [CrossRef] [PubMed]

14. Lourenco, J.M.; Hampton, R.S.; Johnson, H.M.; Callaway, T.R.; Rothrock, M.J.J.; Azain, M.J. The Effects of Feeding Antibiotic on
the Intestinal Microbiota of Weanling Pigs. Front. Vet. Sci. 2021, 8, 131. [CrossRef] [PubMed]

15. Klindworth, A.; Pruesse, E.; Schweer, T.; Peplies, J.; Quast, C.; Horn, M.; Glöckner, F.O. Evaluation of general 16S ribosomal RNA
gene PCR primers for classical and next-generation sequencing-based diversity studies. Nucleic Acids Res. 2013, 41, e1. [CrossRef]

16. 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]

17. Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA ribosomal RNA gene
database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013, 41, D590–D596. [CrossRef] [PubMed]

18. Pedregosa, F.; Varoquaux, G.; Gramfort, A.; Michel, V.; Thirion, B.; Grisel, O.; Blondel, M.; Prettenhofer, P.; Weiss, R.;
Dubourg, V.; et al. Scikit-learn: Machine Learning in Python. J. Mach. Learn. Res. 2011, 12, 2825–2830.

19. Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.;
Asnicar, F.; et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 2019,
37, 852–857. [CrossRef]

20. Douglas, G.M.; Maffei, V.J.; Zaneveld, J.R.; Yurgel, S.N.; Brown, J.R.; Taylor, C.M.; Huttenhower, C.; Langille, M.G. PICRUSt2 for
prediction of metagenome functions. Nat. Biotechnol. 2020, 38, 685–688. [CrossRef]

21. Caspi, R.; Billington, R.; Keseler, I.M.; Kothari, A.; Krummenacker, M.; Midford, P.E.; Ong, W.K.; Paley, S.; Subhraveti, P.; Karp, P.D.
The MetaCyc database of metabolic pathways and enzymes-a 2019 update. Nucleic Acids Res. 2019, 48, D445–D453. [CrossRef]

http://doi.org/10.2527/jas1987.6441215x
http://www.ncbi.nlm.nih.gov/pubmed/3571026
http://doi.org/10.1111/j.1472-765X.2010.02937.x
http://www.ncbi.nlm.nih.gov/pubmed/20849397
http://doi.org/10.3389/fvets.2015.00036
http://www.ncbi.nlm.nih.gov/pubmed/26664965
http://doi.org/10.1186/s42523-020-00049-1
http://www.ncbi.nlm.nih.gov/pubmed/33499967
http://doi.org/10.5713/ajas.2012.12282
http://doi.org/10.3168/jds.S0022-0302(04)73380-9
http://doi.org/10.3168/jds.2010-3871
http://doi.org/10.1093/jas/skz124
http://doi.org/10.1093/jas/skaa287
http://doi.org/10.3389/fmicb.2019.01131
http://doi.org/10.1371/journal.pone.0231533
http://www.ncbi.nlm.nih.gov/pubmed/32282837
http://doi.org/10.3389/fvets.2021.601394
http://www.ncbi.nlm.nih.gov/pubmed/33778032
http://doi.org/10.1093/nar/gks808
http://doi.org/10.1038/nmeth.3869
http://doi.org/10.1093/nar/gks1219
http://www.ncbi.nlm.nih.gov/pubmed/23193283
http://doi.org/10.1038/s41587-019-0209-9
http://doi.org/10.1038/s41587-020-0548-6
http://doi.org/10.1093/nar/gkz862


Animals 2022, 12, 1066 12 of 12

22. Meyer, F.; Paarmann, D.; D’Souza, M.; Olson, R.; Glass, E.M.; Kubal, M.; Paczian, T.; Rodriguez, A.; Stevens, R.; Wilke, A.; et al.
The metagenomics RAST server—A public resource for the automatic phylogenetic and functional analysis of metagenomes.
BMC Bioinform. 2008, 9, 386. [CrossRef]

23. Lima, S.F.; Bicalho, M.L.D.S.; Bicalho, R.C. The Bos taurus maternal microbiome: Role in determining the progeny early-life upper
respiratory tract microbiome and health. PLoS ONE 2019, 14, e0208014. [CrossRef] [PubMed]

24. Hall, H.N.; Wilkinson, D.J.; le Bon, M. Oregano essential oil improves piglet health and performance through maternal feeding
and is associated with changes in the gut microbiota. Anim. Microbiome 2021, 3, 2. [CrossRef] [PubMed]

25. Clemmons, B.A.; Voy, B.H.; Myer, P.R. Altering the Gut Microbiome of Cattle: Considerations of Host-Microbiome Interactions
for Persistent Microbiome Manipulation. Microb. Ecol. 2019, 77, 523–536. [CrossRef] [PubMed]

26. Wang, L.; Li, Y.; Zhang, Y.; Wang, L. The Effects of Different Concentrate-to-Forage Ratio Diets on Rumen Bacterial Microbiota
and the Structures of Holstein Cows during the Feeding Cycle. Animals 2020, 10, 957. [CrossRef] [PubMed]

27. Welch, C.B.; Lourenco, J.M.; Krause, T.R.; Seidel, D.S.; Fluharty, F.L.; Pringle, T.D.; Callaway, T.R. Evaluation of the Fecal Bacterial
Communities of Angus Steers with Divergent Feed Efficiencies Across the Lifespan From Weaning to Slaughter. Front. Vet. Sci.
2021, 8, 597405. [CrossRef]

28. Kumar, S.; Indugu, N.; Vecchiarelli, B.; Pitta, D.W. Associative patterns among anaerobic fungi, methanogenic archaea, and
bacterial communities in response to changes in diet and age in the rumen of dairy cows. Front. Microbiol. 2015, 6, 781. [CrossRef]

29. Zhang, J.; Shi, H.; Wang, Y.; Li, S.; Cao, Z.; Ji, S.; He, Y.; Zhang, H. Effect of Dietary Forage to Concentrate Ratios on Dynamic
Profile Changes and Interactions of Ruminal Microbiota and Metabolites in Holstein Heifers. Front. Microbiol. 2017, 8, 2206.
[CrossRef]

30. Pitta, D.W.; Kumar, S.; Vecchiarelli, B.; Shirley, D.J.; Bittinger, K.; Baker, L.D.; Ferguson, J.D.; Thomsen, N. Temporal dynamics in
the ruminal microbiome of dairy cows during the transition period. J. Anim. Sci. 2014, 92, 4014–4022. [CrossRef]

http://doi.org/10.1186/1471-2105-9-386
http://doi.org/10.1371/journal.pone.0208014
http://www.ncbi.nlm.nih.gov/pubmed/30840624
http://doi.org/10.1186/s42523-020-00064-2
http://www.ncbi.nlm.nih.gov/pubmed/33499989
http://doi.org/10.1007/s00248-018-1234-9
http://www.ncbi.nlm.nih.gov/pubmed/30033500
http://doi.org/10.3390/ani10060957
http://www.ncbi.nlm.nih.gov/pubmed/32486436
http://doi.org/10.3389/fvets.2021.597405
http://doi.org/10.3389/fmicb.2015.00781
http://doi.org/10.3389/fmicb.2017.02206
http://doi.org/10.2527/jas.2014-7621

	Introduction 
	Materials and Methods 
	The Animals Used in the Study 
	Collection and Processing of Samples 
	DNA Sequencing and Bioinformatics 
	Data Availability and Statistical Analysis 

	Results 
	Microbial Richness, Evenness, and Diversity 
	Specific Microbial Taxa 
	Expressed Metabolic Pathways 

	Discussion 
	Conclusions 
	References

