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ABSTRACT

Subacute ruminal acidosis (SARA) is a prevalent 
metabolic disorder in cattle, characterized by intermit-
tent drops in ruminal pH. This study investigated the 
effect of a gradual adaptation and continuously induced 
long-term SARA challenge diet on the epimural bacte-
rial community structure in the rumen of cows. Eight 
rumen-cannulated nonlactating Holstein cows were 
transitioned over 1 wk from a forage-based baseline 
feeding diet (grass silage-hay mix) to a SARA challenge 
diet, which they were fed for 4 wk. The SARA chal-
lenge diet consisted of 60% concentrates (dry matter 
basis) and 40% grass silage-hay mix. Rumen papillae 
biopsies were taken at the baseline, on the last day of 
the 1-wk adaptation, and on the last day of the 4-wk 
SARA challenge period; ruminal pH was measured us-
ing wireless sensors. We isolated DNA from papillae 
samples for 16S rRNA gene amplicon sequencing using 
Illumina MiSeq. Sequencing results of most abundant 
key phylotypes were confirmed by quantitative PCR. 
Although they were fed similar amounts of concentrate, 
cows responded differently in terms of ruminal pH dur-
ing the SARA feeding challenge. Cows were therefore 
classified as responders (n = 4) and nonresponders (n 
= 4): only responders met the SARA criterion of a 
ruminal pH drop below 5.8 for longer than 330 min/d. 
Data showed that Proteobacteria, Firmicutes, and Bac-
teroidetes were the most abundant phyla, and at genus 
level, Campylobacter and Kingella showed highest rela-
tive abundance, at 15.5 and 7.8%, respectively. Diversity 

analyses revealed a significant increase of diversity after 
the 1-wk adaptation but a decrease of diversity and 
species richness after the 4-wk SARA feeding challenge, 
although without distinction between responders and 
nonresponders. At the level of the operational taxo-
nomic unit, we detected diet-specific shifts in epimu-
ral community structure, but in the overall epimural 
bacterial community structure, we found no differences 
between responders and nonresponders. Correlation 
analysis revealed significant associations between grain 
intake and operational taxonomic unit abundance. The 
study revealed major shifts in the 3 dominating phyla 
and, most importantly, a loss of diversity in the epimu-
ral bacterial communities during a long-term SARA 
diet challenge, in which 60% concentrate supply for 4 
wk was instrumental rather than the magnitude of the 
drop of ruminal pH below 5.8.
Key words: rumen epithelium, subacute rumen 
acidosis, cattle feeding, amplicon sequencing, bacterial 
microbiome

INTRODUCTION

Feeding patterns in dairy cattle have changed over 
the last decades, in favor of energy- and nutrient-rich 
concentrates fed at the expense of fiber-rich forages. 
These dietary shifts have supported high milk yields 
but raised concerns about compromised rumen function 
(Zebeli et al., 2012; Boerman et al., 2015). Accordingly, 
SARA, which is characterized as intermittent drops in 
ruminal pH, has become a prevalent metabolic disorder 
in intensively reared cattle (Plaizier et al., 2008). In 
particular, the microbiological changes associated with 
SARA have attracted the attention of the SARA re-
search (Khafipour et al., 2011; Plaizier et al., 2012). 
These changes seem to be essential in the modulation 
of systemic health in cattle, such as the activation of 
systemic inflammation and increasing susceptibility to 
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other diseases (Plaizier et al., 2008; Zebeli and Metzler-
Zebeli; 2012; Steele et al., 2016).

In the rumen, bacteria are the predominant microor-
ganisms, being particularly responsible for the fermen-
tation of feeds into short-chain fatty acids (SCFA), 
which serve as an essential energy source for the host 
animal (Mackie, 2000). Of the ruminal microbial com-
munities, bacteria in the rumen fluid and those attached 
to feed particles have attracted considerable research 
interest, but comparatively less is known about bac-
teria attached to the rumen wall, commonly known as 
epimural bacteria. In recent years, a few studies have 
been published describing the bovine epimural bacterial 
microbiome (BEBM) using high-throughput sequenc-
ing methods (Mao et al., 2015, Liu et al., 2016, Wetzels 
et al., 2016), but each have shown low sequence similar-
ity between detected phylotypes and best type strain 
hits. From the host perspective, the BEBM is the first 
contact between the rumen environment and the ru-
men epithelium, competing with adherent and putative 
pathogenic microorganisms (Kamra, 2005; Khafipour 
et al., 2011). Therefore, it is reasonable to assume that 
this microbial community may fulfill an important role 
in protecting the epithelium from harmful microbes 
by forming a protective biofilm, in particular during 
challenging microbial growth conditions such as SARA. 
Khafipour et al. (2011) showed a burst of potentially 
pathogenic Escherichia coli during SARA, for example. 
However, the metabolic function of the BEBM is only 
partially understood, and the overall community struc-
ture needs to be evaluated in more detail. Results from 
earlier studies suggest a role for the epimural bacte-
rial microbiome in the hydrolysis of urea (Fay et al., 
1979; Wallace et al., 1979), and direct involvement in 
oxygen scavenging, responsible for maintaining strict 
anaerobic conditions (Cheng et al., 1979), as well as 
tissue recycling (McCowan et al., 1978) and amino acid 
metabolism (Mao et al., 2015).

Several publications have described microbial 
changes using different SARA challenge models (Hook 
et al., 2011; Khafipour et al., 2011; Mao et al., 2013). 
Current research has shown that dairy cattle respond 
differently to a concentrate-rich diet. Certain cows do 
not meet the SARA criteria despite a similar grain-
rich diet (Humer et al., 2015), although in this study 
the effect on microbial communities due to different 
SARA responses of the animals was not determined. 
In addition, information is lacking about the effect of a 
long-term continuously induced SARA challenge on the 
BEBM, and whether differences in SARA responses can 
be explained by differences in the composition of cows’ 
BEBM. Our study aimed to evaluate the BEBM during 
adaptation from a forage-based to a concentrate-based 
diet and after 4 wk of continuous concentrate-based 

feeding in cows that did or did not have rumen pH drop 
in response. We hypothesized that the BEBM composi-
tion would shift from the baseline to the adaptation to 
the SARA challenge, and that it could be distinguished 
according to the SARA response of the individual cows. 
We also monitored changes in the BEBM to find puta-
tive microbial indicator candidates for SARA.

MATERIALS AND METHODS

Animals, Diets, and Experimental Design

A continuous diet- induced SARA challenge experi-
ment was conducted as part of a larger study that in-
vestigated long-terms of effects of 2 different models of 
SARA on the BEBM, with a transient SARA model re-
ported in Wetzels et al. (2016) and a continuous SARA 
model described here. The experiment was performed 
with 8 rumen-cannulated (100 mm inner diameter; 
Bar Diamond, Parma, ID) nonlactating Holstein cows 
(initial BW 710 ± 118 kg, mean ± SD). Cows were 
housed together in a freestall barn at the dairy research 
farm of the University of Veterinary Medicine Vienna 
in Pottenstein, Austria. The experiment was conducted 
in 2 separate runs of 7 wk each, with 4 cows tested at 
the same time in each run. We used a feeding model to 
induce the continuous and long-term SARA challenge 
as follows: 2 wk of baseline feeding, followed by 1 wk of 
gradual adaptation to a 60% concentrate diet, followed 
by 4 wk of a continuous SARA challenge with 60% 
concentrate.

During the baseline period, cows were fed a forage 
mix consisting of 50% grass silage and 50% second-cut 
meadow hay (DM basis), and containing 54.4% DM, 
8.4% ash, 11.3% CP, and 50.0% NDF at a rate of 1.5% 
of BW. During the adaptation period and SARA chal-
lenge, cows were fed a concentrate mixture in separate 
and controlled feeding troughs (RIC system; Insentec 
B.V., Marknesse, the Netherlands) in addition to the 
forage. The concentrate mixture consisted of barley 
grain (33.0%), wheat (30.0%), corn (15.0%), rapeseed 
meal (17.0%), dried beet pulp (3.2%), calcium carbon-
ate (0.5%), NaCl (0.3%), and mineral-vitamin premix 
for cattle (1.0%). During the adaptation period, the 
concentrate amount was increased by 10% daily up to 
60%, where it remained during the 4-wk SARA chal-
lenge. The SARA challenge diet contained 74.1% DM, 
5.9% ash, 15.4% CP, 31.8% NDF, and 45.3% NFC 
(all DM basis), and was fed for 2% of BW, meeting 
cows’ voluntary feed intake. Fresh water was provided 
ad libitum. Daily concentrate and forage intake were 
recorded electronically. Cows that did not consume 
their planned concentrate allowance were force-fed the 
residual concentrate through the rumen cannula to en-
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sure the intake of a 60:40 ratio of concentrate to forage 
during the SARA challenge period.

All procedures were approved by the institutional 
ethics committee of the University of Veterinary Medi-
cine Vienna in accordance with good scientific practice 
guidelines and the national authority according to 
section 26 of the law for animal experiments, Tierver-
suchsgesetz–TVG 2012 (GZ 68.205/0093-II/3b/2013).

Ruminal pH Measurements, Definition of SARA,  
and Responses to SARA Diet Challenge

To monitor ruminal pH, ruminal pH sensors (smaX-
tec animal care sales GmbH, Graz, Austria) were manu-
ally introduced into the bottom of the ventral rumen 
in each cow via cannula, as described in Pourazad et 
al. (2016). The definition of SARA was a rumen pH 
below 5.8 for at least 330 min/d (Zebeli et al., 2008). 
Based on their ruminal pH during the SARA challenge 
period, cows were classified as responders (RES) and 
nonresponders (NRES). Cows that developed SARA 
(as defined above) during the SARA challenge were 
classified as RES, and cows that did not show a de-
crease in ruminal pH during the SARA challenge were 
classified as NRES.

Rumen Papillae Sampling

Rumen papillae biopsy samples were taken at the 
end of the baseline period before concentrate was fed, 
on the last day of the adaptation phase, and on the last 
day of the 4-wk SARA challenge. Rumen papillae biop-
sies were taken from the rumen wall of the ventral sac 
about 40–50 cm below the bottom edge of the rumen 
cannula located in the left fossa paralumbalis, using the 
method described by Wetzels et al. (2016).

DNA Extraction

Biopsies were thawed on ice, and genomic DNA was 
extracted from 0.25 g of rumen papillae using the Pow-
erSoil DNA Isolation Kit (MO BIO Laboratories Inc., 
Carlsbad, CA) as described by Wetzels et al. (2016). 
This method has been evaluated for rumen papillae in 
our laboratory (Wetzels et al., 2015) and was used so 
that this data set would be comparable to a previously 
published data set, belonging to the larger study (Wet-
zels et al., 2016).

Sequencing, Sequence Processing, and Analysis

Amplicon sequencing was performed using the Il-
lumina MiSeq sequencing platform (Microsynth AG, 
Balgach, Switzerland). The V3/4/5 hypervariable re-

gion of bacterial 16S rRNA genes was amplified using 
the primer set 341F [5′-CCTACGGGRSGCAGCAG-3′; 
Zakrzewski et al. (2012)] and 909R [5′-TTTCA-
GYCTTGCGRCCGTAC-3′; Tamaki et al. (2011)] to 
generate paired-end reads of 300 bp. Microsynth per-
formed a 16S rRNA gene PCR, library preparation, 
and sequencing was described by Wetzels et al. (2016). 
Briefly, libraries were constructed by ligating sequenc-
ing adapters and indices onto purified PCR products. 
The Nextera XT Sample Preparation Kit (Illumina 
Inc., San Diego, CA) was used according to the manu-
facturer’s recommendations. After sequencing, corre-
sponding overlapping paired-end reads were stitched to 
get an approximate amplicon size of 568 bp. Sequence 
data were analyzed using the mothur software package 
(http://www.mothur.org/), according to the Illumina 
MiSeq procedure described by Kozich et al. (2013). 
Barcode sequences, primer, and low-quality sequences 
were trimmed using a minimum average quality score 
of 35, with a window size of 50 bp. In total, 924,305 se-
quences (44.7%) passed quality control, and sequences 
were randomly subsampled to 40,000 sequences per 
sample. These sequences were clustered into operational 
taxonomic units (OTU) with a 97% similarity cutoff 
(0.03 distance), and the SILVA SSU reference database 
version 119 (Pruesse et al., 2007) and RDP trainset 
(trainset9_032012.rdp.tax) were used for alignment. 
All OTU with less than 10 sequences were removed 
(117,932 OTU), and a total of 6,339 OTU were used 
for downstream analysis. We calculated the nonpara-
metric estimates Chao 1 and abundance-based coverage 
estimator, and the diversity indices Simpson, Shannon, 
and the Shannon index–based measure of evenness 
and coverage using the “summary.single” command. 
Heatmaps were created using JcolorGrid (Joachimiak 
et al., 2006). We used Explicet version 2.10.5 07/21/14 
(Robertson et al., 2013) for Bray-Curtis analysis. We 
classified the 100 most abundant OTU of all 3 rumen 
conditions against type strains using the Greengenes 
database (http://greengenes.lbl.gov; DeSantis et al., 
2006).

Quantitative PCR of Universal Bacteria  
and Key Phylotypes

Highly abundant OTU (relative abundance greater 
than 1%) that showed significant shifts with the SARA 
challenge were defined as putative key phylotypes for 
a healthy rumen or for SARA, respectively. The shifts 
of these phylotypes were confirmed using quantitative 
PCR (qPCR): DNA samples were assayed in duplicate 
in a 20-µL reaction mixture containing 10 µL of 2 × 
Brilliant III Ultra-Fast SYBR Green qPCR Master Mix 
(Agilent, Vienna, Austria), 2 µL of each primer (2.5 

http://www.mothur.org/
http://greengenes.lbl.gov
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µM), 5 µL of nuclease-free water, and 1 µL of DNA 
template (2–50 ng/µL). Amplification was conducted 
with 1 cycle at 95°C for 3 min and 40 cycles of 95°C for 
5 s, followed by 20 s at 61°C and 57°C for general bacte-
ria and OTU-specific primer-pairs (Supplemental Table 
S1A; https://doi.org/10.3168/jds.2016-11620), respec-
tively. After all real-time PCR, we completed a melting 
curve that ranged from 73°C to 93°C, with fluorescence 
measurements at 1°C intervals. The qPCR results were 
normalized after the reaction and analyzed using the as-
sociated software (Stratagene MxPro, QPCR Software, 
version 2.00, Agilent). We conducted an in-silico PCR 
against the SILVA database using TestPrime (http://
www.arb-silva.de/search/testprime/) to determine the 
specificity of the reaction, and found no non-target 
match for any of the primers designed in this study. We 
confirmed primer specificity by Sanger-sequencing of 
the qPCR amplicons produced by each primer pair and 
by following the MIQE guidelines checklist [Supple-
mental Table S1B; Bustin et al. (2009)]. The standards 
for qPCR were prepared with pooled DNA from all 
samples as described previously (Wetzels et al., 2016). 
In each qPCR assay, standard curves (range: 1e+3 to 
1e+7 gene copy numbers) were included. Negative con-
trols were included in duplicate.

Statistical Analysis

To test our hypothesis, data were analyzed for phyla, 
genera, OTU, and diversity indices using R software (R 
Development Core Team, 2015; www.r-project.org). We 
used lmer models [fitting linear mixed-effect models, 
R-package, lme4; Bates et al. (2015)] to analyze the 
effects of rumen conditions (i.e., baseline, adaptation, 
SARA challenge) and affiliation between RES or NRES 
and the abundance of phyla, genera, OTU, or diver-
sity indices. Beside these fixed effects (time points and 
RES/NRES), we also used animal (n = 8) and run (1 or 
2) as random effects. Measurements taken on the same 
animal at different times during the SARA challenge 
were considered to be repeated measures. We assessed 
data visually as histograms and checked quantile plots 
for the normal distribution of residuals and using the 
Shapiro-Wilk test. We calculated contrast coefficients 
among the 3 rumen conditions (baseline, adaptation, 
and SARA challenge) for each phylum, genus, OTU, 
and diversity index to determine changes in these pa-
rameters using a multiple comparison of means (Tukey 
contrasts). The contrast calculation was implemented 
in R using the package multcomp (https://cran.r-
project.org/web/packages/multcomp/multcomp.pdf). 
Data were presented as means ± standard error of the 
mean. Significance was declared at P ≤ 0.05, and trends 

were declared at 0.05 < P ≤ 0.10. We analyzed the 
relationship between OTU, average ruminal pH value, 
and total concentrate intake with respect to all OTU by 
performing pairwise Spearman correlations (rs). In this 
context, we determined the correlation coefficients (1) 
between the average ruminal pH values and all OTU 
(n = 6,339), and (2) between total concentrate intake 
and all OTU over all 3 rumen conditions and animals. 
We also determined the rs between pH and OTU, 
and concentrate intake and OTU, for both RES and 
NRES cows individually. Linear discriminant analysis 
was computed with OTU that occurred in all rumen 
conditions (n = 1,882), using JMP (version 10.0.0; SAS 
Institute Inc., Cary, NC). To determine whether the 
overall BEBM differed between RES and NRES, we 
performed weighted unifrac with QIIME (http://qiime.
org; Caporaso et al., 2010) using the anosim method 
(test statistic name R, number of permutations 999). 
We also performed an unpaired t-test to detect differ-
ences between RES and NRES at OTU level for the 50 
most abundant OTU, using R.

Accession Numbers

Sequencing data are available in the BioProject 
SRA database (https://www.ncbi.nlm.nih.gov/
bioproject/?term=PRJEB12642) under the accession 
number PRJEB12642.

RESULTS

Responses of Ruminal pH

Data for ruminal pH and concentrate intake are 
shown in Table 1. During the baseline period, the dura-
tion of ruminal pH below 5.8 was 0 min/d for each 
of the 8 experimental cows. During adaptation, cows 
consumed between 6.6 and 8.7 kg of concentrate/d and 
ruminal pH dropped in all cows, but we observed no dif-
ferences between RES and NRES in either concentrate 
intake (P = 0.16) or daily mean ruminal pH (P = 0.11); 
minimum ruminal pH tended to be lower in RES cows 
(P = 0.09). Looking at individual cows (Supplemental 
Table S2; https://doi.org/10.3168/jds.2016-11620) dur-
ing adaptation, 3 cows experienced SARA, 4 cows had 
decreased ruminal pH but above the SARA threshold 
of 330 min/d of pH below 5.8, and 1 cow was well above 
the SARA threshold. During the SARA challenge, av-
erage, maximum, and minimum ruminal pH were all 
significantly decreased in RES (mean pH = 5.8) com-
pared with NRES (mean pH = 6.4). Indeed, during the 
SARA challenge, 4 cows experienced SARA and 4 did 
not, and were classified as RES (n = 4) and NRES (n 

https://doi.org/10.3168/jds.2016-11620
http://www.arb-silva.de/search/testprime/
http://www.arb-silva.de/search/testprime/
www.r-project.org
https://cran.r-project.org/web/packages/multcomp/multcomp.pdf
https://cran.r-project.org/web/packages/multcomp/multcomp.pdf
http://qiime.org
http://qiime.org
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJEB12642
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJEB12642
https://doi.org/10.3168/jds.2016-11620
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= 4), respectively. We found no significant differences 
related to concentrate intake when comparing RES and 
NRES during the SARA challenge (Table 1).

Epimural Bacterial Structure

Amplicons were clustered into 124,271 OTU, of 
which 117,932 OTU were excluded because they con-
tained fewer than 10 sequences. The remaining 6,339 
OTU were used for all further analyses. In total, we 
detected 18 phyla, Proteobacteria, Firmicutes, and 
Bacteroidetes being most abundant and accounting for 
94.7% of all sequences (relative abundances of 45.2%, 
33.7%, and 15.9%, respectively). Five phyla showed a 
relative abundance of greater than 1%; Synergistetes 
(1.7%) and Elusimicrobia (1.2%) were the fourth and 
fifth most abundant (Table 2). In total, we found 344 
genera, Campylobacter being the most abundant (15.5% 
relative abundance), followed by Kingella (7.8%), De-
sulfobulbus (4.7%), and Brachymonas (4.2%). The 50 
most abundant genera (greater than than 0.25% relative 
abundance) are shown in Table 3. At the OTU level, 
the most abundant OTU, with 15.5% relative abun-
dance (OTU 1), was classified as Campylobacter hyoin-
testinalis; it had 96.9% sequence similarity to the best 
Greengenes type strain hit (Figure 1). The next most 
abundant (OTU 2; 7.8% relative abundance) was clas-
sified as Kingella oralis, with 93.3% sequence similarity 
to the best Greengenes type strain hit. Then, OTU 

4, 3, 5, and 6 were classified as Olivibacter sitiensis, 
Brachymonas denitrificans, Desulfobulbus rhabdoformis, 
and Azoarcus sp. (4.3%, 4.2%, 2.4%, and 1.9% relative 
abundance, respectively; Figure 1). We found no sig-
nificant differences in overall BEBM structure between 
the OTU abundances of RES and NRES cows or at the 
community level (P = 0.478); therefore, further data 
regarding BEBM structure for RES and NRES cows 
were analyzed together.

Dynamic Shifts in the BEBM—Putative Indicator 
Phylotypes for SARA Challenge

Species richness, diversity indices and evenness esti-
mators differed significantly from baseline to adaptation 
and further during the SARA challenge (Table 4). The 
number of observed species, as well as the estimated 
species richness calculated by Chao estimator, remained 
constant from baseline to adaptation and decreased 
significantly during the SARA challenge. The abun-
dance-based coverage estimator and Simpson diversity 
increased significantly from baseline to adaptation and 
decreased significantly from the adaptation period to 
the SARA challenge. The Shannon diversity index 
differed significantly among the 3 rumen conditions, 
with the highest estimated diversity at adaptation. The 
Shannon index-based measure of evenness revealed the 
highest evenness at the adaptation period. We found 
no significant differences in species richness or diversity 

Table 1. Ruminal pH responses and concentrate and forage intake at the day before each sampling for 
responder (RES) and non-responder (NRES) cows1

Item2 RES NRES SEM P-value

Baseline     
 Daily mean pH 6.40 6.44 0.01 0.82
 pH below 5.8 (min/d) 0 0 0 —
 Minimum pH 6.13 6.19 0.03 0.27
 Maximum pH 6.66 6.65 0.03 0.84
 Concentrate intake (kg of DM/d) 0 0 0 —
 Forage intake (kg of DM/d) 8.63 9.05 0.46 0.68
Adaptation     
 Daily mean pH 5.92 6.22 0.09 0.11
 pH below 5.8 (min/d) 495 135 132 0.21
 Minimum pH 5.28 5.74 0.14 0.09
 Maximum pH 6.41 6.61 0.07 0.18
 Concentrate intake (kg of DM/d) 8.65 6.42 0.75 0.16
 Forage intake (kg of DM/d) 7.05 6.71 0.80 0.85
SARA     
 Daily mean pH 5.80 6.38 0.12 0.01
 pH below 5.8 (min/d) 653 30 139 0.03
 Minimum pH 5.19 5.70 0.11 0.01
 Maximum pH 6.34 6.89 0.12 0.02
 Concentrate intake (kg of DM/d) 9.10 10.80 0.74 0.28
 Forage intake (kg of DM/d) 5.48 6.66 0.59 0.36
1RES = cows that developed SARA (ruminal pH below 5.8 for at least 330 min/d); NRES = cows that did not 
develop SARA according to the criteria defined above.
2Baseline was 2 wk of forage feeding, adaptation was 1 wk of adaptation to SARA diet, and the SARA chal-
lenge was 4 wk of the SARA diet.
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between the RES and the NRES cows (Supplemental 
Table S3; https://doi.org/10.3168/jds.2016-11620). At 
the community level, calculated using the Bray-Curtis 
dissimilarity algorithm, samples taken at the baseline 
were more similar to each other than when compared 
with the adaptation and the SARA challenge, except 
for 1 cow (Figure 2A). Linear discriminant analysis re-
vealed distinct clustering for the epimural microbiome 
in all 3 rumen conditions (Figure 2B).

Of 18 phyla, 12 showed significant shifts during 
our feeding experiment. Proteobacteria decreased sig-
nificantly from the baseline to the adaptation, but 
remained constant from the adaptation to the SARA 
challenge, whereas Firmicutes increased from the 
baseline to the adaptation but decreased again during 
the SARA challenge. Bacteroidetes remained constant 
during the baseline and the adaptation, but increased 
during the SARA challenge. Spirochaetes, TM7, Len-
tisphaerae, and 2 other phyla decreased significantly 
from the baseline to the adaptation and Verrucomicro-
bia, Tenericutes, and Chloroflexi decreased significantly 
from the adaptation to the SARA challenge. Details of 
the statistical analysis at the phylum level are shown 
in Table 2. 

Of the 50 most abundant genera, 24 showed significant 
shifts during the feeding experiment. Seven decreased 
significantly from the baseline to the adaptation (e.g., 
Campylobacter, Kingella, and Azospira) and 7 increased 
significantly from the baseline to the adaptation (e.g., 
Ruminococcus, Succinivibrio, and Lutispora), whereas 
9 decreased significantly from the adaptation to the 

SARA challenge (e.g., Lutispora, Pseudosphingobac-
terium, and Ornithobacterium) and 1 increased sig-
nificantly from the adaptation to the SARA challenge 
(Butyrivibrio). Details of the statistical analysis of the 
50 most abundant genera (greater than 0.25% relative 
abundance) are shown in Table 3. 

At the OTU level, 24 of the 50 most abundant OTU 
showed significant shifts during the feeding experiment. 
In total, 7 decreased significantly from the baseline to 
the adaptation (e.g., Campylobacter-OTU 1, Kingella-
OTU 2, and Azoarcus-OTU 6), 6 increased from the 
baseline to the adaptation (e.g., Catabacter-OTU 18, 
Ruminobacter-OTU 23, and Succiniclasticum-OTU 25), 
7 decreased from the adaptation to the SARA challenge 
(e.g., Catabacter-OTU 18, Ruminobacter-OTU 23, and 
Olivibacter -OTU 24), and 5 increased from the adapta-
tion to the SARA challenge (e.g., Olivibacter-OTU 4, 
Alistipes-OTU 35, and Ruminobacter-OTU 41). Details 
of the statistical analysis at the OTU level are shown 
in Table S4 (https://doi.org/10.3168/jds.2016-11620).

Correlation Analysis Between Mean Ruminal pH  
and OTU Abundances

As shown in Figure 3A, we performed correlation 
analysis between ruminal pH and OTU abundances for 
all 8 cows (RES and NRES as 1 group), and 432 OTU 
showed significant correlations with mean ruminal pH 
over all 3 rumen conditions (i.e., baseline, adapta-
tion, and the SARA challenge): 244 correlations were 
positive and 188 were negative. For better resolution, 

Table 2. Relative abundances of phyla of epimural bacteria in cows during baseline, adaptation, and the SARA challenge1

Phylum Relative abundance (%)

Mean relative abundance (%)

SEM P-valueBaseline Adaptation SARA

Proteobacteria 45.19 52.83a 40.76b 41.75b 3.33 0.009
Firmicutes 33.68 30.95b 39.91a 30.75b 3.27 0.004
Bacteroidetes 15.85 10.37b 14.10b 22.64a 2.21 <0.001
Synergistetes 1.70 1.44B 1.77AB 1.88A 0.30 0.098
Elusimicrobia 1.16 1.36 0.92 1.18 0.43 0.604
Actinobacteria 0.97 0.51 1.45 1.00 0.65 0.573
Spirochaetes 0.58 1.09a 0.35b 0.30b 0.11 <0.001
TM7 0.24 0.39a 0.17b 0.18b 0.05 0.001
Lentisphaerae 0.19 0.46a 0.09b 0.03b 0.06 <0.001
Plantomycetes 0.15 0.19 0.12 0.13 0.05 0.382
Verrucomicrobia 0.09 0.14a 0.10ab 0.04b 0.02 0.005
Tenericutes 0.09 0.10a 0.12a 0.08b 0.02 0.003
Chloroflexi 0.07 0.07ab 0.09a 0.05b 0.01 0.042
Deferribacteres 0.03 0.04A 0.02AB 0.01B 0.01 0.087
Fusobacteria 0.01 0.03a 0.00b 0.00b 0.01 0.001
Armatimonadetes <0.01 0.02 0.01 0.00 0.01 0.122
SR1 <0.01 0.01 0.01 0.00 0.00 0.589
Deinococcus-Thermus <0.01 0.01a 0.00b 0.00b 0.00 <0.001
a,b, A,BSignificant differences between rumen conditions in rows are indicated with different lowercase letters (P ≤ 0.05), and trends are indicated 
with uppercase letters (P ≤ 0.10).
1Baseline was 2 wk of forage feeding, adaptation was 1 wk of adaptation to the SARA diet, and the SARA challenge was 4 wk of the SARA diet.

https://doi.org/10.3168/jds.2016-11620
https://doi.org/10.3168/jds.2016-11620
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Figure 3B also displays the significant correlations of 
the 100 most abundant OTU; 10 showed positive cor-
relations with mean ruminal pH (e.g., Kingella-OTU 
2, Altererythrobacter-OTU 34, and Suttonella-OTU 14), 
and 12 showed negative correlations (e.g., Selenomonas-
OTU 92, Pontibacter-OTU 8, and Pontibacter-OTU 

19; P ≤ 0.05). To point out differences between RES 
and NRES, we also evaluated the correlations between 
ruminal pH and OTU for the data when divided be-
tween groups and found 197 positive and 97 negative 
correlations for RES cows (Supplemental Figures S1A 
and B; https://doi.org/10.3168/jds.2016-11620). Tak-

Table 3. Relative abundance of the 50 most abundant genera (those with more than 0.25% relative abundance) 
of epimural bacteria in cows during baseline, adaptation, and the 4-wk SARA challenge1

Genus

Mean relative abundance (%)

SEM P-valueBaseline Adaptation SARA

Campylobacter 20.05a 11.15b 15.15ab 2.16 0.002
Kingella 12.46a 3.57b 7.31b 1.28 <0.001
Desulfobulbus 6.55 6.56 7.12 1.00 0.841
Brachymonas 5.00 4.37 3.16 0.79 0.121
Acidaminobacter 4.52 4.01 2.51 0.90 0.258
Alkalibaculum 4.06AB 4.25A 2.02B 1.02 0.066
Ruminococcus 1.94b 4.48a 3.57ab 1.75 0.186
Succinivibrio 0.08b 6.97a 1.56ab 1.91 0.027
Oscillibacter 2.75 2.84 2.59 0.31 0.764
Anaerophaga 1.02b 2.24ab 3.72a 0.68 0.020
Saccharofermentans 2.40A 2.33AB 1.62B 0.26 0.053
Lutispora 1.61b 2.92a 1.37b 0.45 0.003
Azospira 3.39a 0.89b 1.40b 0.41 <0.001
Pseudosphingobacterium 1.94a 2.96a 0.48b 0.28 <0.001
Flavonifractor 1.27B 2.02A 1.94AB 0.59 0.075
Ruminobacter 0.12b 3.04a 1.80ab 1.12 0.007
Acetivibrio 1.67 1.98 1.24 0.40 0.391
Desulfovibrio 2.02A 1.03B 1.44AB 0.38 0.074
Elusimicrobium 1.36 0.92 1.18 0.43 0.604
Rikenella 0.73b 1.46a 1.29ab 0.26 0.022
Succiniclasticum 0.53B 1.09AB 1.38A 0.26 0.066
Fastidiospila 0.67B 1.06A 1.10A 0.19 0.065
Sporobacter 0.72 0.79 1.06 0.68 0.384
Ornithobacterium 0.87ab 1.13a 0.54b 0.14 0.006
Anaerovibrio 0.82 0.94 0.72 0.14 0.694
Suttonella 0.91 0.37 1.16 0.43 0.204
Papillibacter 0.62 0.77 0.72 0.17 0.769
Aminobacterium 0.60 0.65 0.82 0.17 0.245
Coprobacillus 0.90a 0.67b 0.44c 0.07 <0.001
Dongia 0.56AB 0.54B 0.83A 0.17 0.060
Pseudoflavonifractor 0.40 0.69 0.76 0.14 0.141
Tannerella 0.43 0.75 0.54 0.18 0.295
Selenomonas 0.06b 0.40ab 1.20a 0.29 0.019
Thioreductor 1.16a 0.36b 0.15b 0.12 <0.001
Clostridium_XlVb 0.42b 0.75a 0.45b 0.08 0.007
Cellulosilyticum 0.55ab 0.81a 0.26b 0.19 0.041
Kiloniella 0.15 0.67 0.70 0.31 0.325
Clostridium_IV 0.23b 1.06a 0.17b 0.12 <0.001
Pyramidobacter 0.30 0.53 0.51 0.10 0.129
Gracilibacter 0.21B 0.77A 0.35AB 0.18 0.072
Bifidobacterium 0.00 1.14 0.21 0.61 0.346
Brevinema 0.93a 0.21b 0.13b 0.10 <0.001
Dehalobacter 0.31 0.41 0.51 0.11 0.426
Anaerorhabdus 0.51a 0.45a 0.22b 0.07 0.001
Syntrophococcus 0.52a 0.35ab 0.25b 0.05 0.001
Holdemania 0.33 0.34 0.32 0.10 0.984
Petrimonas 0.39a 0.42a 0.13b 0.09 <0.001
Butyrivibrio 0.26ab 0.22b 0.41a 0.06 0.042
Bilophila 0.35 0.24 0.26 0.06 0.223
Thermovirga 0.35A 0.35A 0.11B 0.10 0.067
a–c, A,BSignificant differences between rumen conditions in rows are indicated with different lowercase letters (P 
≤ 0.05), and trends are indicated with uppercase letters (P ≤ 0.10).
1Baseline was 2 wk of forage feeding, adaptation was 1 wk of adaptation to the SARA diet, and the SARA 
challenge was 4 wk of the SARA diet.

https://doi.org/10.3168/jds.2016-11620
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Figure 1. Heatmap showing the 50 most abundant operational taxonomic units (OTU) with relative abundance and best Greengenes type 
strain hit. Statistically significant shifts are marked with an asterisk. Rumen conditions are as follows: baseline (B) was 2 wk of forage feeding, 
adaptation (A) was 1 wk of adaptation to the SARA diet, and the SARA challenge (S) was 4 wk of the SARA diet. Taxonomic classifications 
should be considered with care due to the low sequence similarity of some OTU to the best type strain hit. Color version available online.
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Table 4. Dynamics of species richness and diversity indices of epimural bacteria during baseline, adaptation, and the 4-wk SARA challenge1

Item Baseline Adaptation SARA SEM P-value

Observed richness 5,347a 5,556a 3,681b 277 <0.001
Coverage 0.90b 0.90b 0.93a 0.01 <0.001
Chao 16,184a 17,807a 12,648b 1,026 <0.001
Abundance-based coverage estimator 30,672b 35,690a 26,189b 1,885 <0.001
Simpson 0.06a 0.03b 0.06a 0.01 0.006
Shannon 5.40b 5.90a 4.92c 0.17 <0.001
Shannon evenness 0.63b 0.68a 0.60b 0.02 <0.001
a–cSignificant differences between rumen conditions in rows are indicated with different lowercase letters (P ≤ 0.05).
1Baseline was 2 wk of forage feeding, adaptation was 1 wk of adaptation to the SARA diet, and the SARA challenge was 4 wk of the SARA diet.

Figure 2. Beta diversity displayed as (A) a heatmap showing Bray-Curtis dissimilarity among bacterial epimural communities [cow numbers 
and affiliation to responder (RES) and nonresponder (NRES) groups are indicated]; (B) linear discriminant analysis with operational taxonomic 
units (OTU) detected in every rumen condition, displayed as a canonical diagram (n = 1,882; method = Ward). Baseline was 2 wk of forage feed-
ing, adaptation was 1 wk of adaptation to the SARA diet, and the SARA challenge was 4 wk of the SARA diet. Color version available online. 
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ing a closer look at the 100 most abundant OTU, we 
found 12 positive (e.g., Altererythrobacter-OTU 16, 
Altererythrobacter-OTU 34, and Altererythrobacter-
OTU 36) and 5 negative (e.g., Succiniclasticum-OTU 
25, Bacteroides-OTU 31, and Olivibacter-OTU 4) cor-
relations. The NRES cows showed 399 negative correla-
tions and no positive correlations. Of the 399 negative 
correlations, only 1 was among the 100 most abundant 
OTU (Ruminobacter-OTU 23; Supplemental Figures 
S1A and B).

Correlations Between Concentrate Intake  
and OTU Abundances

As shown in Figure 3C, we performed correlation 
analysis for all 8 cows (RES and NRES as 1 group), 
and 743 OTU had significant correlations with aver-
age grain intake over all 3 rumen conditions: 210 
correlations were positive and 533 were negative. For 
better resolution, Figure 3D also displays the signifi-
cant correlations of the 100 most abundant OTU; 16 

OTU correlated positively with average grain intake 
(e.g., Kiloniella-OTU 37, Ruminobacter-OTU 41, and 
Olsenella-OTU 93) and 16 correlated negatively with 
average grain intake (e.g., Altererythrobacter-OTU 36, 
Elusimicrobium-OTU 99, and Altererythrobacter-OTU 
16; P ≤ 0.05). To point out differences between RES 
and NRES, we then calculated the correlations for the 
2 groups separately (Supplemental Figures S1C and 
D; https://doi.org/10.3168/jds.2016-11620). Here, 
we found 15 positive and 313 negative correlations 
for the RES, including 3 positive (Flexibacter-OTU 
66, Olivibacter-OTU 28 and Aminobacterium-OTU 
44) and 9 negative (e.g., Altererythrobacter-OTU 34, 
Altererythrobacter-OTU 16 and Kingella-OTU 2) cor-
relations within the 100 most abundant OTU. We also 
found 65 positive and 148 negative correlations for the 
NRES, including 2 positive (Kiloniella-OTU 37 and 
Ruminobacter-OTU 41) and 10 negative (e.g., Alter-
erythrobacter-OTU 36, Altererythrobacter-OTU 16, and 
Altererythrobacter-OTU 60) correlations within the 100 
most abundant OTU (Supplemental Figure S1C and 

Figure 3. (A) Correlation analysis between mean ruminal pH and operational taxonomic units (OTU) over all 3 rumen conditions and 
responses of pH during the SARA challenge; all significant (P ≤ 0.05) correlations are shown; (B) only significant correlations of the 100 most 
abundant OTU with ruminal pH are shown. (C) Correlation analysis between average grain intake and OTU over all 3 rumen conditions; all 
significant (P ≤ 0.05) correlations are shown; (D) only significant correlations of the 100 most abundant OTU with grain intake are shown.

https://doi.org/10.3168/jds.2016-11620
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D). Taxonomic classifications of OTU 51 to 100 are 
shown in Supplemental Table S5.

Confirmation of Sequencing Data by qPCR

We confirmed the high abundance of the 10 most 
abundant OTU using qPCR (Figure 4). The gene copy 
numbers per gram of biopsy material were between 106 
and 1011. Five of the 12 most abundant OTU (≥1% 
relative abundance) showed significant shifts between 
rumen conditions, and overall trends were confirmed 
by qPCR, although some significant abundance shifts 
found in the sequencing data were not confirmed by the 
qPCR data. Nevertheless, numerical trends supported 
the findings from the sequencing data (Figure 4).

DISCUSSION

This study aimed at determining the extent to which 
the BEBM community structure is affected during 
adaptation from a forage-based to a concentrate-rich 
diet and after 4 wk of continuous concentrate-based 
feeding. Our data suggested that strict forage feeding 
during the baseline period allowed the BEBM to adjust 
to overall physiological rumen conditions (i.e., constant 
pH of 6.2–6.7). Indeed, the high similarity within sam-
ples taken at baseline indicated that the BEBM of cows 
was equally adapted, stable, and comparable among 
cows. During this period, the constant availability of 
digestible fiber fractions, non-protein N, and ferment-
able protein fractions of the mainly grass silage diet 

Figure 4. Comparison between sequencing data and quantitative PCR data. (A) Sequencing data of highly abundant operational taxonomic 
units (OTU) with significant differences in relative abundance between baseline, adaptation, and the SARA challenge; (B) quantitative PCR 
data for all bacteria and OTU. Significant differences among rumen conditions are indicated by an asterisk in the respective shade (color) of the 
OTU in the top of panels A and B. Rumen conditions are depicted on the x-axis: baseline was 2 wk of forage feeding (B), adaptation was 1 wk 
of adaptation to the SARA diet (A), and the SARA challenge was 4 wk of the SARA diet (S). Taxonomic classifications should be considered 
with care due to the low sequence similarity of some OTU to the best type strain hit. Color version available online.
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dominated the substrate availability, and cereal starch 
was largely lacking.

Differences in ruminal pH drop between cows dur-
ing a continuous concentrate-rich challenge is a finding 
that has been reported earlier (Penner et al., 2007; 
Mohammed et al., 2012; Schlau et al., 2012). However, 
this study is one of the first to demonstrate, using a 
high-throughput sequencing approach, that the BEBM 
community structure in cows is less responsive to strong 
ruminal pH drops. Individual cows might employ meth-
ods of ruminal pH control that vary in their effective-
ness. Ruminal pH is affected by the amount of ferment-
able substrate intake, which was similar between the 
RES and NRES cows (Aschenbach et al., 2011). In line 
with previous results (Humer et al., 2015), we found no 
difference in DMI between RES and NRES, indicating 
that substrate availability was not the reason for the 
different responses in ruminal pH. The RES and NRES 
could have differed in chewing activity, absorption pro-
cesses of SCFA across the rumen epithelium (which are 
instrumental for the neutralization of protons in the 
ruminal lumen), and further regulation of ruminal pH 
(Zebeli et al., 2008; Aschenbach et al., 2011). It has 
been assumed that the majority of neutralization of 
free protons is done by the rumen epithelium (e.g., by 
SCFA−/HCO3

− exchange), and the respective absorp-
tive surface can be directly affected by ruminal SCFA 
concentration (Aschenbach et al., 2011; Penner et al., 
2011). However, to date we can only speculate about 
which mechanisms are responsible for the varying ru-
minal pH responses among animals to a diet-induced 
SARA challenge, because none of the neutralization 
processes was measured in the present study.

Ruminal pH is also known to play a key role in the 
regulation of microbial homeostasis in the rumen, and 
fiber-degrading bacteria are especially sensitive to 
strong changes in ruminal pH (Russell and Wilson, 
1996; Jouany, 2006), so the lack of clear effects on the 
BEBM structure of a drop in pH during the SARA 
challenge was unexpected. The full magnitude of the 
drop in ruminal pH might be more visible in shifts 
in the microbiome of the rumen content than in the 
BEBM, because the ruminal pH represents the luminal 
ventral reticulorumen (Duffield et al., 2004; Klevenhu-
sen et al., 2014) rather than the pH around the BEBM. 
A lack of response in the BEBM during the SARA 
challenge can also be explained by the presence of buf-
fer substances at the interface of the rumen epithelium 
and BEBM. For example, urea and bicarbonate flow 
into the rumen lumen across the rumen epithelium 
(Abdoun et al., 2006). These 2 buffering substances 
might neutralize protons and increase the pH at the 
BEBM attachment sites in rumen epithelium (Cheng 
and Wallace, 1979; Leonhard-Marek et al., 2006), which 

could lead to the promotion of pH-sensitive members 
of the BEBM community. In addition, differences in 
the community structure and sensitivity to pH drops 
between the BEBM and the microbial community in 
the rumen content have been previously reported (Mao 
et al., 2015; Liu et al., 2016), with Proteobacteria be-
ing significantly more abundant in the BEBM at the 
phylum level, and a higher abundance of the genera 
Campylobacter and Desulfobulbus. The latter phylo-
types were highly abundant in our study and are not 
known to be especially acid-sensitive (Lien et al., 1998; 
Murphy et al., 2003). This fact and the assumption 
of a relatively stable pH at the epithelium sites likely 
explain the stronger correlation between concentrate 
intake and OTU in the BEBM than between ruminal 
pH and the same OTU. Indeed, our data suggest that 
the amount of substrate ingested affected the BEBM 
composition more strongly than the ruminal pH per se, 
although few OTU correlated negatively with ruminal 
pH and positively with concentrate intake. However, 
the fact that more OTU correlated with concentrate 
intake than with ruminal pH indicated that the effect 
of substrate intake is a step ahead of the effect of ru-
minal pH. This is understandable, because although 
concentrate intake affects ruminal pH, the latter is also 
regulated by neutralization processes, which are less 
dependent on concentrate intake (Aschenbach et al., 
2011). In addition, the amount and the type of sub-
strate are highly important for the growth of rumen 
microbes, including the BEBM, whereas ruminal pH 
might not be as important for certain bacteria in the 
BEBM. It is well known that the growth and activity 
(and therefore homeostatic regulation) of rumen mi-
crobes depend mainly on substrate availability and spe-
cific microbe preferences for substrates (Henderson et 
al., 2015), although a certain host specificity has been 
observed (Li et al., 2009; Weimer et al., 2010; Weimer, 
2015). Nevertheless, the regulation and substrate pref-
erences of the BEBM are poorly understood and it is 
unknown which metabolites trigger abundance shifts 
at the BEBM. Higher amounts of easily fermentable 
carbohydrates in the SARA diet or increased protein 
content (and the respective metabolites), both at the 
expense of NDF, might be at least partially responsible 
for shifts in community composition.

Compared with luminal rumen microbes, epimural 
microbes are believed to be more involved in protein 
metabolism, epithelium proliferation, and diseases (Mao 
et al., 2015), or in SCFA absorption through the rumen 
wall by modulating the expression of genes responsible 
for the absorptive processes in the rumen epithelium 
(Chen et al., 2012) than in carbohydrate fermentation. 
Therefore, the shifts in the BEBM, as well as different 
responses in ruminal pH to a high-concentrate diet in 
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our study, might be different than in studies where the 
bacterial community of the rumen content was exam-
ined. In line with our study, Chen et al. (2012) found 
no significant differences in the species richness of the 
epimural bacterial community of cows that responded 
to an acidotic challenge or not. However, the PCR-DG-
GE profiles of the responder and non-responder cows 
showed a clear separation, in contrast to our study. 
The reason for the discrepancy might be the lower 
forage-to-concentrate ratio used in Chen et al. (2012) 
(85% concentrate) and the longer duration of the feed-
ing experiment (58 d). Furthermore, in our study, we 
characterized the establishment of SARA according to 
the time span of ruminal pH below 5.8 during the day 
before rumen papillae sampling (Zebeli et al., 2008) at 
adaptation and the SARA challenge. In contrast, Chen 
et al. (2012) classified SARA according to an acido-
sis index calculated by dividing the area of ruminal 
pH below 5.8 by DMI. Nevertheless, as described in 
our companion study (Pourazad et al., 2016), all cows 
experienced SARA during the experiment, albeit with 
day-to-day variations, and this might explain why the 
epimural bacterial community structure did not cluster 
according to response to the SARA challenge.

Our findings for the changes in diversity and phyla 
abundance observed during the SARA challenge, inde-
pendent of RES and NRES grouping, indicate that the 
magnitude of ruminal pH decrease during the SARA 
challenge is not of critical importance for the composi-
tion of the BEBM community. Instead, the increased 
availability of easily fermentable substrate for 4 wk elic-
ited changes in the BEBM compared with the baseline 
and the adaptation, when no concentrates (baseline) 
or increasing amounts of concentrates (adaptation) 
gradually replaced forages in the diet. Usually, with 
higher amounts of easily degradable carbohydrates, the 
ratio of Firmicutes to Bacteroidetes increases, because 
Firmicutes generally benefit from easily digestible car-
bohydrates (Kallus and Brandt, 2012), and many gram-
negative Bacteroidetes are sensitive to pH (Kampmann 
et al., 2012). It has also been shown that the relative 
abundance of Firmicutes in the rumen increased with 
increasing amounts of concentrate fed (Wetzels et al., 
2015; Sato, 2016). In the present study we also found 
that Firmicutes increased from the baseline to the 
adaptation, but decreased from the adaptation to the 
SARA challenge, whereas Bacteroidetes increased from 
the adaptation to the SARA challenge. The detailed 
mechanisms responsible for these shifts cannot yet be 
explained, but it is noticeable that abundance shifts in 
high-throughput sequencing data represent only rela-
tive abundance. Therefore, we cannot draw conclusions 
about absolute abundance shifts in the BEBM. Shifts 
in the BEBM do seem to occur in large part in less 

abundant phylotypes and not solely in highly abundant 
ones. For example, most Synergistetes degrade amino 
acids and do not use carbohydrates (Hugenholtz et al., 
2009). We observed a trend of increasing Synergistetes 
when we compared the 4-wk high-concentrate diet to 
the baseline diet. This might be explained by increas-
ing amounts of protein in the diet from the baseline 
to the adaptation. Additionally, the shifts in diversity 
(increasing diversity from the baseline to the adapta-
tion and decreasing diversity from the adaptation to 
the SARA challenge) seemed to be displayed mainly by 
less abundant phylotypes that thrive with better sub-
strate availability during the adaptation and by others 
that vanished with constant high-concentrate feeding 
during the SARA challenge. Instead, highly abundant 
phylotypes showed only abundance changes but did not 
vanish. However, the high diversity of taxa belonging 
to highly abundant phyla (Proteobacteria, Firmicutes, 
and Bacteroidetes) makes it difficult to determine a 
response to substrate that applies for all taxa within 
a phylum.

For this reason, a response to diet should be de-
scribed at a lower taxonomic level, such as OTU level. 
Because the sequence similarity to the best type strain 
hits of the most abundant OTU was mostly below 97%, 
conclusions about metabolic function can rarely be 
drawn at the OTU level. As well, the lack of reference 
sequences in the public databases limits taxonomic 
resolution of high-throughput sequencing data sets. 
Below, we discuss some of the most abundant OTU and 
their putative effect with regards to the actual state of 
knowledge. The most abundant OTU in this study was 
classified as Campylobacter (OTU 1), which has been 
detected in high numbers in the BEBM before (Zhao 
and Bu, 2014; Mao et al., 2015; Liu et al., 2016). Cam-
pylobacter does not ferment carbohydrates (Indikova 
et al., 2015), but some Campylobacter species might 
function as nitrate reducers in the rumen (Lin et al., 
2013; Zhao et al., 2015). This finding is in line with our 
results: Campylobacter-OTU 1 decreased from the base-
line to the adaptation, possibly caused by higher nitrate 
levels in the forages we used exclusively as the baseline 
diet. We found no abundance shift from the adapta-
tion to the SARA challenge, indicating the adaptation 
to the constant nitrate amounts in the diet, and no 
significant correlation with ruminal pH or concentrate 
intake. The second most abundant OTU was classified 
as Kingella, which belongs to the Neisseriaceae fam-
ily. This family has been detected in rumen samples 
before (Jiao et al., 2015; Wetzels et al., 2015, 2016). 
However, the significant decrease of Kingella-OTU 2 
we observed from the baseline to the adaptation is in 
accordance with 3 recent studies, where related OTU 
decreased with increasing grain feeding in goats (Jiao 
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et al., 2015; Wetzels et al., 2015) and cows (Wetzels 
et al., 2016). Additionally, Kingella-OTU 2 correlated 
positively with ruminal pH and negatively with concen-
trate intake, making it a putative indicator phylotype 
for high-forage feeding. Another highly abundant OTU, 
OTU 4, was classified as Olivibacter. Sequences clas-
sified as Olivibacter have been obtained from rumen 
samples in previous studies (Yin et al., 2014; Wetzels 
et al., 2016). At the OTU level, OTU 4 might be an 
indicator phylotype for long-term concentrate feeding, 
because its relative abundance increased significantly 
from adaptation to the SARA challenge, although it 
has not been found to correlate significantly with rumi-
nal pH or concentrate intake. Olivibacter-OTU 72, 75, 
and 88 correlated negatively with concentrate intake, 
making them putative indicator phylotypes for high-
forage feeding. This confirms that taxonomic levels 
higher than OTU level might not be well suited for de-
fining indicator phylotypes. Nevertheless, the function 
of these phylotypes (OTU 2, OTU 4, OTU 72, OTU 
75, and OTU 88) in the rumen also remains unclear, 
and the low sequence similarity to the best type strain 
hit does not allow for further speculation about meta-
bolic function. Further experimental approaches will be 
needed to confirm putative indicator phylotypes.

The duration of the diet-induced SARA challenge 
in this study was 4 wk, with 1 wk adaptation, and is 
considered to be long-term diet-induced SARA. Most 
of the previous studies in cows with diet-induced SARA 
are of shorter duration, such as 1 wk (Khafipour et al., 
2011) or 1 day feed restriction followed by increased 
concentrate intake (McCann et al., 2016). We chose a 
SARA model that is closer to production conditions, 
with cows experiencing SARA during early lactation 
for weeks. However, we have no consistent definition of 
short-term or long-term SARA, and further research 
is necessary to establish a SARA model according to 
real-life conditions.

CONCLUSIONS

The results of our study revealed strong shifts in 
highly abundant members of the BEBM during a long-
term continuous SARA feeding challenge. Diversity 
increased during a 1-wk gradual adaptation period 
to a high-grain diet and decreased again with a 4-wk 
continuous high-grain diet. Shifts in the BEBM during 
the SARA challenge were not pH-dependent, indicating 
that the BEBM structure was resistant to a strong drop 
in pH during the SARA challenge. However, the BEBM 
was responsive to a 4-wk 60% concentrate feeding, 
suggesting that the amount of substrate fed strongly 
influences BEBM structure. More research is needed 
to characterize the highly abundant members of the 

BEBM and their function in the rumen, especially the 
significance of the observed changes in diversity in ru-
men health in early lactating dairy cows and finishing 
beef cattle that are fed concentrate-rich diets over long 
time periods.
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