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Simple Summary: High-yielding dairy cows must receive high-grain diets in order to meet their
high energy requirements. However, these diets depress the pH in the rumen, leading to a condition
referred to as subacute ruminal acidosis (SARA), and in the large intestine, and may negatively
affect the taxonomic composition and the functionality of the populations of microorganisms in
the digestive tract. As cows depend on these microorganisms for nutrient utilization and health,
disruptions of their composition and functionality can greatly affect the production, health, and
welfare of dairy cows. In our study, SARA was induced experimentally by excessive grain feeding.
The taxonomic composition of bacterial populations attached to the epithelia of the digestive tract
were determined throughout this tract. Our results show that SARA affected the populations of
several taxa of bacteria, which suggests that the beneficial effects of these bacteria may be reduced,
and that the digestive tract may be at increased risk of invasion by pathogenic microorganisms. The
greatest effects of SARA on the taxonomic composition of bacteria on epithelia were in the rumen
and large intestine. Their composition on epithelia in the small intestine was also affected, but the
affected groups of bacteria differed from those in the rumen and large intestine.

Abstract: The effects of a subacute ruminal acidosis (SARA) challenge on the composition of epimural
and mucosa-associated bacterial communities throughout the digestive tract were determined in
eight non-lactating Holstein cows. Treatments included feeding a control diet containing 19.6% dry
matter (DM) starch and a SARA-challenge diet containing 33.3% DM starch for two days after a
4-day grain step-up. Subsequently, epithelial samples from the rumen and mucosa samples from the
duodenum, proximal, middle and distal jejunum, ileum, cecum and colon were collected. Extracted
DNA from these samples were analyzed using MiSeq Illumina sequencing of the V4 region of the
16S rRNA gene. Distinct clustering patterns for each diet existed for all sites. The SARA challenge
decreased microbial diversity at all sites, with the exception of the middle jejunum. The SARA
challenge also affected the relative abundances of several major phyla and genera at all sites but
the magnitude of these effects differed among sites. In the rumen and colon, the largest effects
were an increase in the relative abundance of Firmicutes and a reduction of Bacteroidetes. In the
small intestine, the largest effect was an increase in the relative abundance of Actinobacteria. The
grain-based SARA challenge conducted in this study did not only affect the composition and cause
dysbiosis of epimural microbiota in the rumen, it also affected the mucosa-associated microbiota in
the intestines. To assess the extent of this dysbiosis, its effects on the functionality of these microbiota
must be determined in future.
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1. Introduction

The high energy requirements of high-yielding dairy cows are commonly met by
feeding them with high-grain diets. This can result in an accumulation of fermentation
acids, including volatile fatty acids and lactate, in the rumen and the large intestine, and
a reduction of rumen buffering, leading to depressions in the rumen and hindgut pH for
extended periods each day [1–3]. These pH depressions contribute to gut health disorders,
such as subacute ruminal acidosis (SARA) and hindgut acidosis [1,3,4]. These disorders
affect the composition and functionality of microbiota and may result in microbiome
dysbiosis and the establishment of opportunistic and pathogenic microorganisms in the
digestive tract [3,5,6]. The symbiotic relationship between dairy cows and their gut mi-
crobiota is essential for the utilization of nutrients by these cows [7]. Hence, dysbiosis in
the digestive tract can greatly affect their productivity and health. The rumen microbiota
have been divided into fractions associated with the liquid digesta, the solid digesta, and
the epithelium, also referred to as the epimural fraction [8–10]. The composition and func-
tionality of the rumen epimural microbiota differs from those associated with digesta [8].
Especially, the epimural microbiota have a higher relative abundance of genera related to
amino acid metabolism and a lower relative abundance of genes involved in carbohydrate
metabolism [8]. The effects of high-grain feeding on epimural microbiota may therefore
differ from those of digesta-associated microbiota. As epimural bacteria contribute to the
barrier function and immune response of the epithelium [11], nutritional challenges such
as SARA may increase the need for these contributions [3].

Recently, two meta-analyses have been conducted on the composition of ruminal
epimural microbiota, determined by 16S rRNA sequencing [12,13]. Both studies concluded
that many methodology-related factors, such as bioinformatic approaches, host species,
geographic regions, diet, age, farm management practices, time of year, the hypervariable
region sequenced, country of origin, farm, primer set, animal variability, and biopsy loca-
tion affect the outcome of this analysis, but that conclusions across studies can be drawn.
Anderson et al. [12] identified 147 core OTUs in cattle, including Ruminococcus, Butyrivibrio,
other Lachnospiraceae, Desulfobulbus, Desulfovibrio, Neisseriaceae, and Burkholderiaceae, as
well as the methanogenic archaea Methanobrevibacter and Methanomethylophilaceae. This
study also concluded that, at the phylum level, epimural microbiota were dominated by
Firmicutes, Bacteroidetes, and Proteobacteria, and that these accounted for 79.7% of total
sequences. In their meta-analysis, Pacifico et al. [13] identified the bacterial taxa Campy-
lobacter, the Christensenellaceae R-7 group, Defluviitaleaceae, UCG-011, Lachnospiraceae
UCG-010, the Ruminococcaceae NK4A214 group, Ruminococcaceae UCG-010, Ruminococ-
caceae UCG-014, Succiniclasticum, Desulfobulbus and Comamonas spp. as the core taxa of
rumen epimural microbiota in cattle. However, the definition of the core is a matter of
debate [14].

Several studies on the effects of increased grain feeding and grain-induced SARA on
epimural microbiota in the rumen have been conducted. Chen et al. [15] transitioned beef
heifers from a 97% hay to an 8% hay diet, which reduced the relative abundances of the
Proteobacteria and Bacteroidetes phyla, but did not affect that of the Firmicutes phylum.
This transition also increased the relative abundances of the Treponema, Ruminobacter and
Lachnospiraceae taxa. Wetzels et al. [16] determined the effects of 1-week and a 2-week
grain-based SARA challenges separated by a 1-week break, during which an all forage diet
was fed. They observed that the richness and diversity of epimural microbiota in the rumen
were highest during the challenge break, and that more OTUs increased their relative
abundance during the break than during the SARA challenges. A 4-week uninterrupted
grain-based SARA challenge reduced the richness and diversity and the relative abundance
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of Proteobacteria, increased the relative abundance of Bacteroidetes, and did not affect that
of Firmicutes in the ruminal epimural microbiota [17].

Studies on the composition and functionality of epimural microbiota in the small
and large intestine are limited. However, Mao et al. [8] compared the composition of
epimural microbiota across the digestive tracts of cattle, and observed three distinct clusters,
including those in the forestomachs, the small intestine and the large intestine. They also
reported that, across sites, the most prevalent phyla were Firmicutes, Bacteroidetes and
Proteobacteria, but that the relative abundance of these phyla and of genera differed among
the forestomachs, small intestine, and large intestine.

Based on the earlier research, we hypothesize that grain-based SARA challenges
reduce the richness and diversity and alter the relative abundances of major phyla and
genera of epimural and mucosa-associated microbiota in the small and large intestines, as
well as that of the ruminal epimural microbiota, in dairy cows. Our main objective was
therefore to characterize and compare the effects of a grain-based SARA challenge on the
composition of epimural and mucosa-associated bacteria in the small and large intestines
with those of the rumen in lactating dairy cows.

2. Materials and Methods
2.1. Animals and Sampling

Approval for the project was obtained from the Danish Animal Experiments Inspec-
torate (file no. 2012-15-2934-00052). Eight non-lactating rumen-cannulated Danish Holstein
cows were fed a control diet with a forage-to-concentrate ratio of 83:17 (DM basis) for
several weeks before the trial. The trial included four cows fed a control diet for two
days, four days of gradually substituting 45% of the DM of the control diet with pellets
containing 50% wheat and 50% barley, and two days on a full SARA diet (Table 1). The four
control cows received the control diet throughout the study. More details on feed analysis,
experimental design and methodology have been provided by Danscher et al. [18] and
Plaizier et al. [19].

Table 1. Ingredient and chemical composition of the experimental diets.

Control Diet SARA Diet

Ingredient composition, % DM
Total mixed ration (TMR) 1 100 55
Wheat/barley pellets 2 0 45

Chemical composition
Dry matter, % 54.7 61.5
Crude protein, % DM 11.3 11.0
Neutral detergent fiber, % DM 53.4 35.0
Acid detergent fiber, % DM 30.5 19.9
Starch, % DM 14.8 30.7
Calcium % DM 0.57 0.34

Phosphorus, %DM 0.29 0.30
Magnesium, % DM 0.18 0.15

Potassium, % DM 1.77 1.18
Sodium, % DM 0.19 0.11

1 TMR contains barley straw (27.9% DM), rapeseed meal (9.7% DM), vitamin/mineral mix (1.1% DM), beet pulp
(5.4% DM), grass silage (20.8% DM) and corn silage (34.7% DM). 2 Wheat barley pellets contain 50% DM ground
wheat and 50% DM ground barley.

Cows were housed in individual tie stalls and had free access to fresh water. Cows
were fed ad libitum, allowing for between 5% and 10% of feed refusals twice daily in equal
portions at 8.00 AM and 14.30 PM. Reticular-rumen pH levels were monitored continuously
using indwelling pH meter probes (eCow Rumen Analyzer, Exeter, United Kingdom), as
described by Danscher et al. [18]. These probes were placed in the ventral sac of the rumen
and were attached to 1 kg rounded stainless-steel weights in order to keep them positioned
in the ventral sack. Their position was checked daily. The daily mean pH, as well as time
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below pH 5.8 and 5.6, were determined. Feces samples were obtained directly from the
rectum at 15:00 and 21:00 on both SARA challenge days from all cows. The fecal pH was
measured immediately after collection using a pH meter (Cardy Twin pH Meter, Spectrum
Technologies Inc., Plainfield, IL, USA). A two-point calibration (pH 4 and 7) was performed
before pH measurements.

All cows were euthanized after the SARA challenge by means of captive bolt stunning,
followed by pithing and exsanguination at 2 h after morning feed delivery. Samples of
2 × 2 cm of whole tissue from the rumen wall, duodenum, proximal, middle and distal
jejunum, ileum, cecum and colon were obtained with minimal handling. The rumen sam-
ples were obtained from the anterior ventral sac, immediately behind the ruminoreticular
fold. The samples from the duodenum were obtained 15 cm distal to the pylorus. The
proximal jejunum samples were obtained approximately 2 m aboral to the pylorus at the
attachment to the mesentery vein. The middle jejunum samples were obtained midway
between the pylorus and the ileocecal fold. The distal jejunum samples were obtained from
the extended part of the mesentery, from the oral to the ileocecal fold. The samples from
the ileum were collected midway between the ileocecal orifice and the ileocecal fold. The
samples from the cecum and the colon were obtained from the free apex and the junction
of the centripetal and centrifugal gyri, respectively. Samples were flushed gently with 0.9%
saline, preserved in RNAlater (Ambion, Applied Biosystems, Foster City, CA, USA), snap
frozen in liquid nitrogen and stored at −80 ◦C until downstream analysis.

2.2. DNA Extraction and MiSeq Illumina Sequencing

The tissue samples were removed from the −80 ◦C freezer one day prior to DNA
extraction and thawed in a 4 ◦C refrigerator overnight. Following this, the samples were
cryogenically homogenized using a Geno-Grinder 2010 (SPEX SamplePrep, Metuchen,
NJ, USA). Subsequently, the DNA was extracted using a ZR-96 Fecal DNA Kit (Zymo
Research, Irvine, CA, USA), which included a bead-beating step for the mechanical lysis of
bacterial cells. Subsequently, DNA was eluted from the column with an elution buffer and
the concentration and purity of the isolated DNA were assessed using a NanoDrop 2000
spectrophotometer (Thermo Scientific, Waltham, MA, USA). The DNA of all the samples
was diluted with an elution buffer to a final nominal concentration of 20 ng/µL. The V4
region of the bacterial 16S rRNA gene was amplified and subjected to MiSeq Illumina
sequencing. The reverse PCR primer was indexed with 12- base Golay barcodes, allowing
for multiplexing of the samples.

The PCR reactions were conducted in duplicate and contained 1.0 µL of pre-normalized
DNA, 1.0 µL each of forward and reverse primers (10 µM), 12 µL HPLC grade water (Fisher
Scientific, Ottawa, ON, Canada) and 10 µL 5 Prime Hot MasterMix (5 Prime, Inc., Gaithers-
burg, MD, USA). Reactions consisted of an initial denaturing step at 94 ◦C for 3 min
followed by 35 amplification cycles at 94 ◦C for 45 s, 50 ◦C for 60 s and 72 ◦C for 90 s;
finalized by an extension step at 72 ◦C for 10 min in an Eppendorf Mastercycler Pro (Ep-
pendorf, Hamburg, Germany). Following this, PCR products were purified using a ZR-96
DNA Clean-up Kit (ZYMO Research, Irvine, CA, USA) to remove primers, dNTPs and
reaction components. The V4 library was generated by pooling 200 ng of each sample and
quantified by PicogreendsDNA (Invitrogen, Grand Island, NY, USA). This was followed
by multiple dilution steps, using pre-chilled hybridization buffer (HT1; Illumina, San
Diego, CA, USA) to achieve pooled amplicon concentrations of 5 pM. Finally, 15% of PhiX
control library was spiked into the amplicon pool to improve the unbalanced and biased
base composition.

Customized sequencing primers for read1 (5t-TATGGTAATTGTGTGCCAGCMGCCG
CGGTAA-3t), read2 (5t-AGTC AGTCAGCCGGACTACHVGGGTWTCTAAT-3t) and in-
dex read (5t-ATTAGAWACCCBDGTAGTCCG GCTGACTGACT3t) were synthesized and
purified by polyacrylamide gel electrophoresis (Integrated DNA Technologies, Coralville,
IA, USA). These primers were added to the MiSeq Reagent Kit V2 (300-cycle; Illumina,
San Diego, CA, USA). The 150 paired-end sequencing reaction was performed on a MiSeq
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platform (Illumina, San Diego, CA, USA) at the Gut Microbiome Laboratory (Department
of Animal Science, University of Manitoba, Winnipeg, MB, Canada).

2.3. Bioinformatics and Statistical Analyses

Overlapping paired-end reads were merged using the PANDAseq assembler [20].
All the sequences with low quality scores, as well as those containing uncalled bases (N)
in the overlapping region, were discarded as described by Derakhshani et al. [21]. The
subsequent merged reads were processed using QIIME v1.91 [22]. Briefly, merged reads
were demultiplexed according to the barcode sequences and chimeric reads were filtered
using UCHIME [23]. Reads were clustered into operational taxonomic units (OTU) based
on 97% similarity using UCLUST [24]. Representative sequences from each OTU were
assigned taxonomies using RDP Classifier [25], following alignment to the Greengenes
reference database [26].

Standard alpha-diversity metrics, including the observed number of OTUs, Shannon
index and Simpson index, were calculated at an even sequencing depth of 8000 per sample.
In terms of beta-diversity analysis, weighted and unweighted UniFrac-based principal
coordinates analysis (PCoA) were conducted with Phyloseq. Permutational multivariate
analyses of variance (PERMANOVA) [27] based on the same similarity matrix was used to
test the effects of the SARA challenge in each region of the digestive tract. The proportions
of OTUs that were shared by cows were calculated for each treatment and each site of the
digestive tract.

The effects of the SARA challenge, assessed by region, on the relative abundance data
at the phylum and lower taxonomical levels were analyzed using a negative binomial test
implemented in the DESeq2 package [28,29], according to a design containing treatment.
Statistical differences were declared as significant at p < 0.05. Trends towards significance
are discussed when p < 0.10.

The effects of the SARA challenge on the bacterial abundances and alpha-diversity
indices were analyzed with SAS version 9.3 (SAS Institute, Cary, NC, USA). The UNI-
VARIATE procedure was used to test the normal distribution of variables and error terms.
Nonnormally distributed variables were transformed using the Box–Cox power transfor-
mation implemented within TRANSREG procedure, which iteratively tests a variety of λ
and identifies the best options. Normalized data were used to assess the effect of the fixed
effect of treatment by region using the MIXED procedure of SAS version 9.3 (SAS Institute,
Cary, NC, USA) with the SARA challenge as a fixed factor. For rumen pH and fecal pH, the
effects of day, and in the case of fecal pH the fixed effects of time within day, were included
in the model.

3. Results

The SARA challenge reduced the daily average rumen pH from 6.62 to 5.86 (p < 0.01)
and the fecal pH from 6.7 to 5.0 (p < 0.05) (Table 2). The challenge reduced the minimum
rumen pH from 6.09 to 5.19 (p < 0.05), without affecting the maximum rumen pH. This
challenge also increased the durations for which the rumen pH remained below 5.8 and 5.6
from 2.0 to 653.2 min/d and from 0 to 486.6 min/d, respectively.

Table 2. Rumen and fecal pH of cows on the control and the SARA-challenge diet.

Parameter
Treatment

SE
Significance

Control SARA p-Values

Avg. rumen pH 6.62 a 5.86 b 0.13 <0.01
Time rumen pH < 5.8, min/d 3.0 b 662 a 107.7 <0.01
Time rumen pH < 5.6, min/d 0 b 493 a 93.6 <0.01

Minimum rumen pH 6.09 5.19 0.22 <0.01
Maximum rumen pH 6.73 6.90 0.10 0.18

Fecal pH 6.7 a 5.9 b 0.18 <0.05
a, b LSmeans with different superscripts in a row differ (p < 0.05).
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After trimming and quality control of the sequencing data, there were on average
30,631 ± 12,533 reads per sample for a total of 64 samples. Two samples, including a
duodenum sample and a colon sample of SARA cows, were excluded because of low reads,
i.e., <8000 reads per sample.

The alpha-diversity varied among sites of the digestive tract with the rumen, cecum
and colon having a higher richness and diversity than the small intestine (Table 3). The
SARA challenge reduced the Shannon index at all sites with the exception of the middle
jejunum (Table 3). This challenge also reduced the Chao 1 index in the rumen, cecum and
colon. The observed number of OTUs was reduced by the challenge in the rumen, distal
jejunum, ileum, cecum and colon. Both the weighted and the unweighted UniFrac PCoA
analysis showed that the SARA challenge affected (p < 0.05) the composition of microbiota
in the rumen, distal jejunum, cecum and colon (Figures 1 and 2). A trend (p = 0.058) towards
this effect existed in the ileum. The proportions of OTUs that were shared among cows,
assessed by treatment and by site in the digestive tract, are shown in Venn diagrams in
Supplementary Figure S1. For control cows, the percentages of shared OTUs were 30.5%
for the rumen, 7.0% for the duodenum, 6.7% for the jejunum, 7.2% for the ileum, 26.4% for
the cecum and 24.9% for the colon. For SARA cows, the percentages of shared OTUs were
4.8% for the rumen, 3.6% for the duodenum, 7.7% for the jejunum, 6.5% for the ileum, 3.7%
for the cecum and 2.2% for the colon.

Across treatments, the relative abundances of major phyla differed (p < 0.05) among
sites (Figure 3). At the phylum level, the rumen, cecum and colon were dominated by
Bacteroidetes and Firmicutes, whereas the duodenum, jejunum and ileum were dominated
by Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria (Supplementary Table S1).
Across the treatments, Spirochetes were more common in the cecum and colon than
elsewhere in the digestive tract. The SARA challenge affected or tended to affect the
relative abundances of eight out of 11 phyla in the rumen, five out of 11 phyla in the
duodenum, six out of 11 phyla in the proximal jejunum, four out of 11 phyla in the middle
jejunum, five out of 11 phyla in the distal jejunum, five out of 11 phyla in the ileum, five
out of 11 phyla in the cecum and seven out of 11 phyla in the colon (Supplementary
Table S1). In the rumen and the colon, the SARA challenge increased (p < 0.05) the relative
abundance of Firmicutes and reduced (p < 0.05) that of Bacteroidetes. In contrast, this
challenge did not affect these abundances in the cecum. In the rumen, cecum and colon, the
SARA challenge reduced or tended to reduce the relative abundances of Proteobacteria and
Cyanobacteria and increased that of Actinobacteria. The challenge reduced or tended to
reduce the relative abundance of Verrucomicrobia in the rumen, duodenum and proximal
jejunum, but tended to increase their abundance in the ileum. In the duodenum, jejunum
and ileum, the SARA challenge increased or tended to increase the relative abundances of
Actinobacteria and Cyanobacteria.

Table 3. Effects of a grain-based SARA challenge (SARA) on bacterial richness and diversity indices throughout the digestive
tracts of dairy cows.

Site
Shannon Chao1 Observed OTU

Control SARA p-Value Control SARA p-Value Control SARA p-Value

Rumen 8.74 a 6.09 b 0.04 2990.8 a 1197.2 b 0.002 1603 a 733 b 0.003
Duodenum 8.24 x 6.37 y 0.05 1048.8 837.9 0.69 837 617 0.32

Jejunum proximal 7.96 a 5.77 b 0.04 888.2 577 0.11 720 465 0.11
Jejunum middle 7.52 6.55 0.22 611.9 674.6 0.89 509 525 0.92
Jejunum distal 7.01 a 4.79 b 0.04 805.1 x 492.3 y 0.06 618 a 345 b 0.01

Ileum 7.61 a 4.98 b 0.003 999.08 712.8 0.11 766 a 502 a 0.01
Cecum 8.46 a 5.77 b 0.0 2665.7 a 1237.8 b 0.005 1468 a 722 b 0.003
Colon 8.48 a 6.10 b 0.02 2405.0 a 994.3 b 0.004 1388 a 603 b 0.005

a, b LSmeans with different superscripts in a row differ (p < 0.05); x, y LSmeans with different superscripts in a row tend to differ (p < 0.10).
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Figure 3. Relative abundances of abundant phyla, assessed by treatment (C = control, S = SARA), for each site in the
digestive tract. RP = rumen, DUO = duodenum, JP = proximal jejunum, JM = middle jejunum, JD = distal jejunum,
ILE = ileum, CEC = cecum, COL = colon.

At the lowest taxonomical level, the most abundant taxa in the rumen during control
or SARA experiments were unclassified Bacteroidales, Lactobacillus, Prevotella, unclassified
Streptococcaceae, Butyrivibrio, Treponema, unclassified Lachnospiraceae, Fibrobacter, Ru-
minococcus, unclassified Clostridiaceae, Bifidobacterium and unclassified Ruminococcaceae
(Figures 3 and 4). Of these, the relative abundances of Lactobacillus, unclassified Strepto-
coccaceae and Bifidobacterium were increased and the relative abundances of unclassified
Bacteroidales, unclassified Lachnospiraceae, unclassified Clostridiaceae and unclassified
Ruminococcaceae were decreased by the SARA challenge.

In the duodenum, the most abundant taxa were Ruminococcus, Bifidobacterium, un-
classified Streptococcaceae, Butyrivibrio, Lactobacillus, unclassified Bacteroidales, unclas-
sified Pseudomonaceae, Sharpea, unclassified Lachnospiraceae, Prevotella and unclassi-
fied Ruminococcaceae. Of these, the relative abundances of Bifidobacterium, unclassified
Streptococcaceae and Lactobacillus increased and those of Ruminococcus and unclassified
Ruminococcaceae decreased as a result of the SARA challenge.

The most abundant taxa in the proximal jejunum were Bifidobacterium, Ruminococ-
cus, Lactobacillus, Butyrivibrio, unclassified Streptococcaceae, unclassified Lachnospiraceae,
unclassified Coriobacteriaceae, unclassified Pseudomonadaceae, unclassified Ruminococ-
caceae and Shuttleworthia. Of these, the relative abundances of Bifidobacterium, Lactobacillus
and unclassified Streptococcaceae increased and those of Ruminococcus, Butyrivibrio, un-
classified Coriobacteriaceae, unclassified Ruminococcaceae and Shuttleworthia decreased
as a result of the SARA challenge. In the middle jejunum, the most abundant taxa were
Bifidobacterium, Lactobacillus, Ruminococcus, Butyrovibrio, unclassified Pseudomonadaceae,
unclassified Lachnospiraceae, unclassified Streptococcaceae, Shuttleworthia and unclassified
Ruminococcaceae. In this region, the SARA challenge increased the relative abundances of
Bifidobacterium and Lactobacillus and decreased that of Ruminococcus. The most abundant
taxa in the distal jejunum were unclassified Streptococcaceae, Bifidobacterium, Lactobacillus,
Butyrivibrio, unclassified Peptostreptococcaceae, Ruminococcus, Escherichia, unclassified
Lachnospiraceae, unclassified Pseudomonadaceae and unclassified Ruminococcaceae. Of
these, the relative abundance of Bifidobacterium increased, and those of Butyrivibrio, unclas-
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sified Peptostreptococcaceae and unclassified Ruminococcaceae decreased as a result of
the SARA challenge.
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4. Discussion

In the current study, the SARA challenge resulted in a rumen pH depression of
486.6 min/d below pH 5.6 and 653.2 min/d below pH 5.8. We considered a rumen pH
depression below 5.6 for more than 3 h/d and pH below 5.8 for more than 5–6 h/d as
thresholds for SARA [30,31]. This shows that the SARA challenge caused a severe form
of SARA. This challenge in our study also reduced the fecal pH from 6.7 to 5.9, showing
that hindgut acidosis was also induced [3,4]. The parallel study by Danscher et al. [18]
showed that the SARA challenge also reduced the feed intake and the concentration of
acetate and the acetate to propionate ratio in the rumen. Danscher et al. [18] did not observe
clinical signs of inflammation in SARA cows, but did report that the challenge decreased
the calcium concentration and tended to increase the pCO2 levels of peripheral blood. This
reduction in blood calcium was explained by the association between hypocalcaemia and
SARA-induced endotoxemia. The increased pCO2 was seen as an indicator of an increased
acid load on the bicarbonate buffer system. The parallel study by Plaizier et al. [19]
showed that the SARA challenge reduced the richness and diversity of digesta-associated
microbiota in the rumen and feces, and increased the relative abundance of Firmicutes in
rumen digesta. These changes in the microbiota of rumen digesta and feces are commonly
observed during grain-induced SARA [6,8,32,33]. The study by Plaizier et al. [19] also
showed that the relative abundances of nine out of the 90 and 25 out of the 89 identified
taxa in the rumen digesta and feces, respectively, were affected by the challenge. The results
of Danscher et al. [18] and Plaizier et al. [19] are additional evidence for the successful
induction of SARA and hindgut acidosis.

A comparison of the rumen and fecal pH depressions with those in earlier studies on
SARA showed that the rumen and hindgut acidosis were more severe than in the studies
of Tun et al. [32], Plaizier et al. [33] and Khalouei et al. [34]. This was expected due to the
relatively high starch content of the SARA-challenge diet in the current study. In order to
prevent acute ruminal acidosis in the current study, the SARA-challenge diet was only fed
for two days. The induction of hindgut acidosis demonstrated that the SARA challenge
increased fermentation in the hindgut, likely by increasing the amount of dietary starch
that bypassed fermentation in the rumen and digestion in the small intestine [32–34]. The
latter was demonstrated by Li et al. [35], who showed that a grain-based SARA challenge
increased the starch content of the cecal digesta and feces from 4.2% to 6.1% and from 2.8%
to 7.4% DM, respectively. This implies that the SARA challenge also increased the starch
content of digesta in the small intestine. Hence, the SARA challenge did not only affect the
environment for microbiota in the rumen, but also in the small and large intestine.

The effects of excessive grain feeding resulting in SARA on the composition of digesta-
associated microbiota in the digestive tract of cattle has been studied extensively. These
studies agree that these microbiota cluster according to the site in the digestive tract and
to the level of grain feeding, and that three different site clusters—i.e., the rumen, the
jejunum/ileum and the cecum/colon/rectum—exist [8,36,37]. In agreement with our
results, Mao et al. [8] also found that epimural microbiota clustered according to the site in
the digestive tract and to the level of grain feeding. This clustering may be explained by
differences in pH, concentrations of VFA, the depth of the loosely adherent mucus layer
and the differing composition of immune cells and functionality of the immune system
among different sites in the digestive tract post-rumen [8]. In our study, SARA cows did
not cluster together as closely as control cows. This indicates that the dysbiosis caused by
the grain feeding depended on the individual cow [12,13].

Furthermore, in agreement with earlier studies, the SARA challenge reduced the
richness and diversity of epimural microbiota in the rumen [8,15–17]. In addition, we
observed that the challenge also reduced this richness and diversity in the small and large
intestine, with the exception of the middle jejunum. Hence, although increased grain feed-
ing increases the availability of substrates for bacterial fermentation, only opportunistic
faster-growing microorganisms can take advantage of this condition [7,38,39]. This makes
the environment in the digestive tract unfavorable for many other microorganisms, thereby
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reducing their populations and the overall richness and diversity of microbial communities
throughout the digestive tract [11,40]. Such reductions in richness and diversity are per-
haps undesirable, as they can reduce the functionality, resilience and robustness of these
microbiota [39,40]. However, as different members of microbiota can share functionality
and functional redundancy exists, a reduction in microbial richness and diversity may not
always translate to reduced functionality [38,39]. The comparison of the proportions of
shared OTUs showed that for control cows, the proportion of OTUs that are shared in the
small intestine are low compared to those in the rumen and the large intestine. In SARA
cows, the percentages of shared OTUs in the rumen, cecum and colon were much lower
than in control cows. These reductions may be due to the drop in the digesta pH in these
sites and the resulting dysbiosis.

In our study, the relative abundances of major phyla of epimural microbiota differed
among sites. At the phylum level, the rumen, cecum and colon were dominated by
Firmicutes (46.4%), Bacteroidetes (24.6%), Spirochetes (8.6%), Proteobacteria (4.9%) and
Spirochetes (8.6%). At this level, the small intestine was dominated by Firmicutes (62.5%),
Bacteroidetes (8.6%), Proteobacteria (10.8%) and Actinobacteria (10.7%). Our results on
phyla in the ruminal epimural microbiota are generally in agreement with the metanalyses
of Anderson et al. [12] and Pacifico et al. [13], with the exception that in their metanalysis
Proteobacteria were more abundant and Actinobacteria were less abundant. Mao et al. [8]
reported that, although Firmicutes was the most abundant phylum on mucosa-associated
microbiota in most sites of the digestive tract, the second most abundant phylum differed
among regions. They reported that Bacteroidetes was the second most abundant mucosa-
associated phylum in the reticulum, omasum, abomasum, colon and rectum, whereas
Proteobacteria was the second most abundant in the jejunum and ileum, and the most
abundant mucosa-associated phylum in the duodenum. In addition, both Firmicutes and
Spirochaetes were the second most dominant mucosa-associated phyla in the duodenum
and cecum. Our results are mostly in agreement with those of Mao et al. [8], including that
the relative abundances of Proteobacteria were higher in the small intestine than in the
rumen and large intestine.

Studies on the effects of grain feeding on epimural microbiota have mainly concen-
trated on the rumen, and results have varied among these studies. In our study, the
SARA challenge reduced the relative abundance of Proteobacteria and Bacteroidetes, but
increased that of Firmicutes in the rumen. In contrast, transitioning beef heifers from a
97% forage diet to a 92% concentrate diet reduced the relative abundances of Firmicutes
and Proteobacteria in the ruminal epimural microbiota [15]. In addition, in contrast with
our findings, Mao et al. [8] reported that the relative abundance of Firmicutes was not
affected by the SARA challenge in the proximal part of the jejunum and in the cecum,
but this abundance was reduced in the distal jejunum, and in the ileum this challenge
reduced this abundance. The effects of the SARA challenge on the relative abundances of
epimural phyla in the large intestine were similar to those in the rumen, in that there was
an increase in the relative abundance of Firmicutes and a decrease in those of Bacteroides
and Proteobacteria. The increase in the relative abundance of Actinobacteria that occurred
in the small intestine was not observed in the rumen.

In the current study, the most abundant epimural genera varied among sites of the
digestive tract. In the rumen, they included unclassified Bacteroidales, Lactobacillus, un-
classified Lachnospiraceae, unclassified Clostridiaceae, unclassified Ruminococcaceae,
unclassified Streptococcaceae, Butyrivibrio and Prevotella. In the small intestine, these
included Ruminococcus, Bifidobacterium, Lactobacillus, unclassified Streptococcaceae and
Butyrivibrio, whereas in the large intestine these included Ruminococcus, unclassified Bac-
teroidales and Treponema. A metanalysis of the ruminal epimural microbiota in ruminants
demonstrated that abundant taxa include Ruminococcus, Butyrivibrio, other Lachnospiraceae,
Desulfobulbus, Desulfovibrio, Neisseriaceae and Burkholderiaceae, as well as methanogenic
archaea Methanobrevibacter and Methanomethylophilaceae [12]. Another such metanaly-
sis identified Campylobacter, Christensenellaceae R-7 group, Defluviitaleaceae, UCG-011,
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Lachnospiraceae UCG-010, Ruminococcaceae NK4A214 group, Ruminococcaceae UCG-
010, Ruminococcaceae UCG-014, Succiniclasticum, Desulfobulbus and Comamonas spp. as
core taxa of the ruminal epimural microbiota [13]. Hence, our results agree with these
metanalyses that unclassified Lachnospiraceae, unclassified Ruminococcaceae and Butyriv-
ibrio are abundant in the ruminal epimural microbiota, but the other abundant genera
identified in the metanalyses were not prominent in our study. In agreement with our
findings, Butyrivibrio and Lactobacillus were present in the epimural ruminal microbiota in
a study by Petri et al. [41], although Lactobacillus was only detected in cows on an acidotic
challenge diet.

Our findings also agree with Mao et al. [8] in that unclassified Bacteroidales were more
abundant in the epimural microbiota of the rumen and large intestine than in the small
intestine. Furthermore, these authors observed that Prevotellaceae were most abundant in
the epimural microbiota of the rumen and Treponema was most abundant in the microbiota
of the large intestine. However, in contrast to our study, Lactobacillus was not prevalent
in the epimural microbiota of the study of Mao et al. [8]. Hence, many of the abundant
epimural ruminal taxa in our study were not abundant in the metanalyses of the epimural
ruminal microbiota conducted by Anderson et al. [12] and Pacifico et al. [13]. This confirms
the conclusion of these meta-analyses that many methodology-related and non-dietary
factors affect the outcome of the taxonomic analysis of epimural microbiota. However,
due to the multitude of these factors, it is not possible to determine which of them were
responsible for the differences between our results and those of previous studies.

In our study, seven genera of epimural microbiota were affected by the SARA chal-
lenge. In agreement with our study, Petri et al. [41] showed that SARA increased the relative
abundance of Lactobacillus in the ruminal epimural microbiota. However, the increases in
the relative abundances in Atopobium, Desulfocurvus, Fervidicola, Solobacterium, Succinivibrio,
Olsenella, Succiniclasticum, Roseburia and Sharpea that were reported by Petri et al. [41] were
not observed in our study. In addition, decreases in the relative abundances of Kingella,
Azoarcus, Altererythrobacter, Alkalibaculum, Acidaminobacter, Oscilibacter, Saccharofermentans,
Lurtispora, Fastidiospila, Tannerella, Howardella, Bifidobacterium, Kinoniella, Acetonema, Sutr-
erella, Anaplasma, Siphonobacter and Desulfanatronum, and increases in the abundance of
Coprobacillus, due to an intermittent SARA challenge conducted by Wetzels et al. [16] were
not evident in our study. In addition, reductions in the relative abundances of Kingella,
Saccharofermentans, Lutispora, Azospira, Pseudosphingobacterium, Coprobacillus, Thioreductor,
Syntrophococcus, Anaerorhabdus, Brevinema and Petrimonas in these microbiota, as well as
increases in the abundances of Anaerophagam, Succiniclasticum, Fastidiospila and Selenomonas
resulting from a 4-week SARA challenge conducted Wetzels et al. [17] did not occur in
our study.

Our study showed that the relative abundances of five, eight, three, four and five
taxa in, respectively, the duodenum, proximal jejunum, middle jejunum, distal jejunum
and ileum were affected by the SARA challenge. In the cecum and colon, the relative
abundances of three and five taxa, respectively, were affected by this challenge. Across the
sites of the digestive tract, the largest increases in relative abundances were observed for
Lactobacillus and Bifidobacterium, whereas Ruminococcaceae and Butyrivibrio showed the
largest decreases.

A comparison of our study with earlier studies on the effect of grain-feeding on the
epimural ruminal microbiota shows that these studies agree that a grain-based SARA
challenge reduces the richness and diversity of these microbiota, but that the effects of
such a challenge on the abundances of abundant phyla and genera are highly variable.
Anderson et al. [12] and Pacifico et al. [13] suggested that this variation is the result of
various differences in experimental and analytical methodologies among studies. Our
study has also shown that a grain-based SARA challenge also reduces the richness and
diversity of epimural microbiota in the small and large intestine. Reductions in the richness
and diversity of microbiota can be considered to constitute dysbiosis [38,39]. However,
such reductions may also reflect a non-pathological adaptation to a change in diet, and
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changes in the functionality of microbiota [39–41]. Hence, in order to asses if reductions in
microbial richness and diversity constitute dysbiosis, the change in the functionality of the
microbiota needs to be determined. A key consideration in this regard is the concept of
influential members—the keystone and foundation members of microbiota [42]—that are
the drivers of the community. Changes in the diversity or the abundances of major phyla
and taxa would not affect the functionality of microbial community as long as its influential
members were able to maintain their populations and abundances. Hence, determining the
effects of dietary changes on the functionality of gut microbiota may be more important
than determining the changes in their taxonomic composition.

Diet-induced changes in the composition of epimural microbiota have also been
associated with reductions of the barrier function of epithelia in the digestive tract [9,43,44].
This has been linked to systemic inflammation and inflammatory bowel disease in humans,
and to liver abscesses, laminitis and transient aseptic synovitis in cattle, and may be caused by
translocation of a variety of microorganisms or their toxins out of the digestive tract [3,42,45].
Alternately, antibodies against rumen bacteria have been detected in colostrum and milk,
and may have health benefits for the calf [46]. This implies that maintaining diverse and
functioning epimural microbiota is key to the overall health and gut health of cattle.

5. Conclusions

A short-term SARA challenge resulted in severe forms of SARA and hindgut acidosis,
affected the taxonomic composition and reduced the microbial richness and diversity
of epimural and mucosa-associated microbiota throughout the digestive tract of non-
lactating dairy cows. This suggests that this challenge caused dysbiosis of these microbiota
throughout the digestive tract. The site of the digestive tract affected the composition of
the microbiota, as three distinct clusters of microbiota were observed, i.e., the rumen, the
jejunum/ileum and the cecum/colon. The relative abundances of several major phyla and
genera of epimural and mucosa-associated microbiota were affected at all sites. In the
rumen and large intestine, the largest effect observed was an increase in the Firmicutes-to-
Bacteroidetes ratio. In the small intestine, the largest effect observed was an increase in the
relative abundance of Actinobacteria, including members of Bifidobacterium. The relative
abundances of a small proportion of abundant taxa were affected by the SARA challenge,
but these effects varied among sites.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ani11061658/s1, Table S1: Effects of the SARA challenge on the relative abundances of phyla
with an abundance above 0.1% of community, assessed by site of the digestive tract. Supplementary
Figure S1A–K. Venn diagrams of shared OTUs in epimural microbiota.

Author Contributions: Conceptualization, A.-M.D., P.H.A., J.C.P. and E.K.; methodology, P.A.A.,
H.D. and E.K.; formal analysis, P.A.A. and A.-M.D.; resources, A.-M.D. and E.K.; data curation,
A.-M.D., J.C.P. and E.K.; writing—original draft preparation, P.A.A. and J.C.P.; writing—review and
editing, J.C.P., A.-M.D., P.H.A., H.D. and E.K.; visualization, P.A.A.; supervision, A.-M.D., J.C.P. and
E.K.; project administration, A.-M.D. and J.C.P.; funding acquisition, P.H.A., A.-M.D. and J.C.P. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by the Danish Research Council for Technology and Produc-
tion (project no. 0602-01736b) and the Manitoba Agricultural Development and Research Council
(project 11.1096).

Institutional Review Board Statement: Compliance with Ethical Standards Approval for the project
was obtained from the Danish Animal Experiments Inspectorate (file no. 2012-15-2934-00052).

Informed Consent Statement: Not applicable.

Data Availability Statement: All sequencing data were deposited as NCBI BioProject record ID#
PRJNA738809 and can be accessed though URL: https://www.ncbi.nlm.nih.gov/bioproject/?term=
PRJNA738809.

https://www.mdpi.com/article/10.3390/ani11061658/s1
https://www.mdpi.com/article/10.3390/ani11061658/s1
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA738809
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA738809


Animals 2021, 11, 1658 15 of 16

Acknowledgments: This study was funded by the Danish Research Council for Technology and
Production and the Manitoba Agricultural Development and Research Council. We would like to
thank Shucong Li, the students and staff at the research station Rørrendegård for their assistance.

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

Abbreviations

ADF Acid detergent fiber
CP Crude protein
DM Dry matter
NDF Neutral detergent fiber
OTU Operational taxonomic unit
PCR Polymerase chain reaction
SARA Subacute ruminal acidosis

References
1. Krause, K.M.; Oetzel, G.R. Understanding and preventing subacute ruminal acidosis in dairy herds: A review. Anim. Feed. Sci.

Technol. 2006, 126, 215–236. [CrossRef]
2. Zebeli, Q.; Metzler-Zebeli, B.U. Interplay between rumen digestive disorders and diet-induced inflammation in dairy cattle. Res.

Vet. Sci. 2012, 93, 1099–1108. [CrossRef] [PubMed]
3. Plaizier, J.C.; Mesgaran, M.D.; Derakhshani, H.; Golder, H.; Khafipour, E.; Kleen, J.L.; Lean, I.; Loor, J.; Penner, G.; Zebeli, Q.

Enhancing gastrointestinal health in dairy cows. Animal 2018, 12, s399–s418. [CrossRef]
4. Gressley, T.F.; Hall, M.B.; Armentano, L.E. Ruminant nutrition symposium: Productivity, digestion, and health responses to

hindgut acidosis in ruminants. J. Anim. Sci. 2011, 89, 1120–1130. [CrossRef]
5. Diez-Gonzalez, F.; Callaway, T.R.; Kizoulis, M.G.; Russell, J.B. Grain feeding and the dissemination of acid-resistant Escherichia

coli from cattle. Science 1998, 281, 1666–1668. [CrossRef]
6. 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]

7. Russell, J.B.; Rychlik, J.L. Factors that alter rumen microbial ecology. Science 2001, 292, 1119–1122. [CrossRef] [PubMed]
8. Mao, S.; Zhang, M.; Liu, J.; Zhu, W. Characterising the bacterial microbiota across the gastrointestinal tracts of dairy cattle:

Membership and potential function. Sci. Rep. 2015, 5, 16116. [CrossRef] [PubMed]
9. Neubauer, V.; Humer, E.; Mann, E.; Kröger, I.; Reisinger, N.; Wagner, M.; Zebeli, Q.; Petri, R.M. Effects of clay mineral

supplementation on particle-associated and epimural microbiota, and gene expression in the rumen of cows fed high-concentrate
diet. Anaerobe 2019, 59, 38–48. [CrossRef]

10. Petri, R.M.; Neubauer, V.; Humer, E.; Kröger, I.; Reisinger, N.; Zebeli, Q. Feed Additives Differentially Impact the Epimural Microbiota
and Host Epithelial Gene Expression of the Bovine Rumen Fed Diets Rich in Concentrates. Front. Microbiol. 2020, 11, 119. [CrossRef]

11. Khafipour, E.; Li, S.; Tun, H.M.; Derakhshani, H.; Moossavi, S.; Plaizier, J.C. Effects of grain feeding on microbiota in the digestive
tract of cattle. Anim. Front. 2016, 6, 13–19. [CrossRef]

12. Anderson, C.J.; Koester, L.R.; Schmitz-Esser, S. Rumen Epithelial Communities Share a Core Bacterial Microbiota: A Meta-Analysis
of 16S rRNA Gene Illumina MiSeq Sequencing Datasets. Front. Microbiol. 2021, 12, 539. [CrossRef]

13. Pacífico, C.; Petri, R.M.; Ricci, S.U.; Mickdam, E.; Wetzels, S.; Neubauer, V.; Zebeli, Q. Unveiling the Bovine Epimural Microbiota
Composition and Putative Function. Microorganisms 2021, 9, 342. [CrossRef]

14. Shade, A.; Handelsman, J. Beyond the Venn diagram: The hunt for a core microbiome. Environ. Microbiol. 2012, 14, 4–12.
[CrossRef]

15. Chen, Y.; Penner, G.B.; Li, M.; Oba, M.; Guan, L.L. Changes in Bacterial Diversity Associated with Epithelial Tissue in the Beef
Cow Rumen during the Transition to a High-Grain Diet. Appl. Environ. Microbiol. 2011, 77, 5770–5781. [CrossRef] [PubMed]

16. Wetzels, S.U.; Mann, E.; Metzler-Zebeli, B.U.; Pourazad, P.; Qumar, M.; Klevenhusen, F.; Pinior, B.; Wagner, M.; Zebeli, Q.;
Schmitz-Esser, S. Epimural indicator phylotypes of transiently-induced subacute ruminal acidosis in dairy cattle. Front. Microbiol.
2016, 7, 274. [CrossRef]

17. Wetzels, S.U.; Mann, E.; Pourazad, P.; Qumar, M.; Pinior, B.; Metzler-Zebeli, B.U.; Wagner, M.; Schmitz-Esser, S.; Zebeli, Q.
Epimural bacterial community structure in the rumen of Holstein cows with different responses to a long-term subacute ruminal
acidosis diet challenge. J. Dairy Sci. 2017, 100, 1829–1844. [CrossRef]

18. Danscher, A.M.; Li, S.; Andersen, P.H.; Khafipour, E.; Kristensen, N.B.; Plaizier, J.C. Indicators of induced subacute ruminal
acidosis (SARA) in Danish Holstein cows. Acta Vet. Scand. 2015, 57, 1–14. [CrossRef] [PubMed]

19. Plaizier, J.C.; Li, S.; Danscher, A.M.; Derakshani, H.; Andersen, P.H.; Khafipour, E. Changes in microbiota in rumen digesta and
feces due to a grain-based subacute ruminal acidosis (SARA) challenge. Microb. Ecol. 2017, 74, 485–495. [CrossRef]

20. Masella, A.P.; Bartram, A.K.; Truszkowski, J.M.; Brown, D.G.; Neufeld, J.D. PANDAseq: Paired-end assembler for illumina
sequences. BMC Bioinform. 2012, 13, 31. [CrossRef] [PubMed]

http://doi.org/10.1016/j.anifeedsci.2005.08.004
http://doi.org/10.1016/j.rvsc.2012.02.004
http://www.ncbi.nlm.nih.gov/pubmed/22370295
http://doi.org/10.1017/S1751731118001921
http://doi.org/10.2527/jas.2010-3460
http://doi.org/10.1126/science.281.5383.1666
http://doi.org/10.1371/journal.pone.0083424
http://www.ncbi.nlm.nih.gov/pubmed/24391765
http://doi.org/10.1126/science.1058830
http://www.ncbi.nlm.nih.gov/pubmed/11352069
http://doi.org/10.1038/srep16116
http://www.ncbi.nlm.nih.gov/pubmed/26527325
http://doi.org/10.1016/j.anaerobe.2019.05.003
http://doi.org/10.3389/fmicb.2020.00119
http://doi.org/10.2527/af.2016-0018
http://doi.org/10.3389/fmicb.2021.625400
http://doi.org/10.3390/microorganisms9020342
http://doi.org/10.1111/j.1462-2920.2011.02585.x
http://doi.org/10.1128/AEM.00375-11
http://www.ncbi.nlm.nih.gov/pubmed/21705529
http://doi.org/10.3389/fmicb.2016.00274
http://doi.org/10.3168/jds.2016-11620
http://doi.org/10.1186/s13028-015-0128-9
http://www.ncbi.nlm.nih.gov/pubmed/26183694
http://doi.org/10.1007/s00248-017-0940-z
http://doi.org/10.1186/1471-2105-13-31
http://www.ncbi.nlm.nih.gov/pubmed/22333067


Animals 2021, 11, 1658 16 of 16

21. Derakhshani, H.; Tun, H.M.; Cardoso, F.C.; Plaizier, J.C.; Khafipour, E.; Loor, J.J. Linking peripartal dynamics of rumen microbiota
to dietary changes and production parameters. Front. Microbiol. 2016, 7, 2143. [PubMed]

22. Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Fierer, N.; Peña, A.G.; Goodrich, J.K.;
Gordon, J.I.; et al. QIIME Allows Analysis of High-Throughput Community Sequencing data. Nat. Methods 2010, 7, 335–336.
[CrossRef] [PubMed]

23. Edgar, R.C.; Haas, B.J.; Clemente, J.C.; Quince, C.; Knight, R. UCHIME Improves Sensitivity and Speed of Chimera Detection.
Bioinformatics 2011, 27, 2194–2200. [CrossRef]

24. Edgar, R.C. Search and clustering orders of magnitude faster than BLAST. Bioinformatics 2010, 26, 2460–2461. [CrossRef] [PubMed]
25. Wang, Q.; Garrity, G.M.; Tiedje, J.M.; Cole, J.R. Naive Bayesian classifier for rapid assignment of rRNA sequences into the new

bacterial taxonomy. Appl. Environ. Microbiol. 2007, 73, 5261–5267. [CrossRef] [PubMed]
26. DeSantis, T.Z.; Hugenholtz, P.; Larsen, N.; Rojas, M.; Brodie, E.L.; Keller, K.; Huber, T.; Dalevi, D.; Hu, P.; Andersen, G.L.

Greengenes, a chimera-checked 16S rRNA gene database and workbench compatible with ARB. Appl. Environ. Microbiol. 2006, 72,
5069–5072. [CrossRef]

27. Parks, D.H.; Tyson, G.W.; Hugenholtz, P.; Beiko, R.G. STAMP: Statistical analysis of taxonomic and functional profiles. Bioinfor-
matics 2014, 30, 3123–3124. [CrossRef]

28. Segata, N.; Izard, J.; Waldron, L.; Gevers, D.; Miropolsky, L.; Garrett, W.S.; Huttenhower, C.M. Meta-genomic biomarker discovery
and explanation. Genome Biol. 2011, 12, R60. [CrossRef] [PubMed]

29. Oksanen, J.; Blanchet, F.G.; Friendly, M.; Kindt, R.; Legendre, P.; McGlinn, D.; Minchin, P.R.; O’Hara, R.B.; Simpson, G.L.;
Solymos, P.; et al. Vegan: Community Ecology Package. R Package Version 2.4-1. 2016. Available online: https://CRAN.R-
project.org/package=vegan (accessed on 27 October 2020).

30. Gozho, G.N.; Krause, D.O.; Plaizier, J.C. Ruminal Lipopolysaccharide Concentration and Inflammatory Response during
Grain-Induced Subacute Ruminal Acidosis in Dairy Cows. J. Dairy Sci. 2017, 90, 856–866. [CrossRef]

31. Zebeli, Q.; Dijkstra, J.; Tafaj, M.; Steingass, H.; Ametaj, B.N.; Drochner, W. Modeling the Adequacy of Dietary Fiber in Dairy Cows
Based on the Responses of Ruminal pH and Milk Fat Production to Composition of the Diet. J. Dairy Sci. 2008, 91, 2046–2066.
[CrossRef] [PubMed]

32. Tun, H.M.; Li, S.; Yoon, I.; Meale, S.J.; Azevedo, P.A.; Khafipour, E.; Plaizier, J.C. Saccharomyces cerevisiae fermentation products
(SCFP) stabilize the ruminal microbiota of lactating dairy cows during periods of a depressed rumen pH. BMC Vet. Res. 2020, 16,
1–17. [CrossRef]

33. Plaizier, J.C.; Li, S.; Tun, H.M.; Khafipour, E. Nutritional models of experimentally-induced subacute ruminal Acidosis (SARA)
differ in their impact on rumen and hindgut bacterial communities in dairy cows. Front. Microbiol. 2017, 7, 2128. [CrossRef]

34. Khalouei, H.; Seranatne, V.; Fehr, K.; Guo, J.; Yoon, I.; Khafipour, E.; Plaizier, J.C. Effects of Saccharomyces cerevisiae fermentation
products (SCFP) and subacute ruminal acidosis (SARA) on feed intake, fermentation and nutrient digestibilities in lactating dairy
cows. Can. J. Anim. Sci. 2021, 101, 143–157. [CrossRef]

35. Li, S.; Khafipour, E.; Krause, D.O.; Kroeker, A.; Rodriguez-Lecompte, J.C.; Gozho, G.N.; Plaizier, J.C. Effects of subacute ruminal
acidosis challenges on fermentation and endotoxins in the rumen and hindgut of dairy cows. J. Dairy Sci. 2012, 95, 294–303.
[CrossRef]

36. Plaizier, J.C.; Azevedo, P.; Schurmann, B.L.; Gorka, P.; Penner, G.B.; Khafipour, E. The duration of increased grain feeding affects
the microbiota throughout the digestive tract of yearling Holstein steers. Microorganisms 2020, 12, 1854. [CrossRef]

37. De Oliveira, M.N.V.; Jewell, K.A.; Freitas, F.S.; Benjamin, L.A.; Totola, M.R.; Borges, A.C.; Moraes, C.A.; Suen, G. Characterizing
the microbiota across the gastrointestinal tract of a Brazilian Nellore steer. Vet. Microbiol. 2013, 164, 307–314. [CrossRef]

38. Levine, J.M.; D’Antonio, C.M. Elton revisited: A review of evidence linking diversity and invasibility. Oikos 1999, 1, 15–26.
[CrossRef]

39. Lozupone, C.A.; Stombaugh, J.I.; Gordon, J.I.; Jansson, J.K.; Knight, R. Diversity, stability and resilience of the human gut
microbiota. Nature 2012, 489, 220–230. [CrossRef] [PubMed]

40. Weimer, P.J. Redundancy, resilience, and host specificity of the ruminal microbiota: Implications for engineering improved
ruminal fermentations. Front. Microbiol. 2015, 6, 296. [CrossRef] [PubMed]

41. Petri, R.M.; Schwaiger, T.; Penner, G.B.; Beauchemin, K.A.; Forster, R.J.; McKinnon, J.J.; McAllister, T.A. Changes in the rumen
epimural bacterial diversity of beef cattle as affected by diet and induced ruminal acidosis. Appl. Environ. Microbiol. 2013, 79,
3744–3755. [CrossRef] [PubMed]

42. Banerjee, S.; Schlaeppi, K.; Van Der Heijden, M.G.A. Keystone taxa as drivers of microbiome structure and functioning. Nat. Rev.
Microbiol. 2018, 16, 567–576. [CrossRef] [PubMed]

43. Turner, J.R. Intestinal mucosal barrier function in health and disease. Nat. Rev. Immunol. 2009, 9, 799–809. [CrossRef] [PubMed]
44. Shen, H.; Xu, Z.; Shen, Z.; Lu, Z. The Regulation of Ruminal Short-Chain Fatty Acids on the Functions of Rumen Barriers. Front.

Physiol. 2019, 10, 1305. [CrossRef]
45. Danscher, A.M.; Enemark, H.L.; Andersen, P.H.; Aalbaek, B.; Nielsen, O.L. Polysynovitis after oligofructose overload in dairy

cattle. J. Comp. Pathol. 2010, 142, 129–138. [CrossRef] [PubMed]
46. Sharpe, M.E.; Latham, M.J.; Reiter, B. The Occurrence of Natural Antibodies to Rumen Bacteria. J. Gen. Microbiol. 1969, 56,

353–364. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/28127294
http://doi.org/10.1038/nmeth.f.303
http://www.ncbi.nlm.nih.gov/pubmed/20383131
http://doi.org/10.1093/bioinformatics/btr381
http://doi.org/10.1093/bioinformatics/btq461
http://www.ncbi.nlm.nih.gov/pubmed/20709691
http://doi.org/10.1128/AEM.00062-07
http://www.ncbi.nlm.nih.gov/pubmed/17586664
http://doi.org/10.1128/AEM.03006-05
http://doi.org/10.1093/bioinformatics/btu494
http://doi.org/10.1186/gb-2011-12-6-r60
http://www.ncbi.nlm.nih.gov/pubmed/21702898
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
http://doi.org/10.3168/jds.S0022-0302(07)71569-2
http://doi.org/10.3168/jds.2007-0572
http://www.ncbi.nlm.nih.gov/pubmed/18420634
http://doi.org/10.1186/s12917-020-02437-w
http://doi.org/10.3389/fmicb.2016.02128
http://doi.org/10.1139/cjas-2020-0018
http://doi.org/10.3168/jds.2011-4447
http://doi.org/10.3390/microorganisms8121854
http://doi.org/10.1016/j.vetmic.2013.02.013
http://doi.org/10.2307/3546992
http://doi.org/10.1038/nature11550
http://www.ncbi.nlm.nih.gov/pubmed/22972295
http://doi.org/10.3389/fmicb.2015.00296
http://www.ncbi.nlm.nih.gov/pubmed/25914693
http://doi.org/10.1128/AEM.03983-12
http://www.ncbi.nlm.nih.gov/pubmed/23584771
http://doi.org/10.1038/s41579-018-0024-1
http://www.ncbi.nlm.nih.gov/pubmed/29789680
http://doi.org/10.1038/nri2653
http://www.ncbi.nlm.nih.gov/pubmed/19855405
http://doi.org/10.3389/fphys.2019.01305
http://doi.org/10.1016/j.jcpa.2009.09.001
http://www.ncbi.nlm.nih.gov/pubmed/20034634
http://doi.org/10.1099/00221287-56-3-353
http://www.ncbi.nlm.nih.gov/pubmed/4893460

	Introduction 
	Materials and Methods 
	Animals and Sampling 
	DNA Extraction and MiSeq Illumina Sequencing 
	Bioinformatics and Statistical Analyses 

	Results 
	Discussion 
	Conclusions 
	References

