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Abstract:Ruminants are characterized by their unique mode of digesting cellulose-rich plant material in their forestomach,
the rumen, which is densely populated by diverse microorganisms that are crucial for the breakdown of plant material.
Among ruminal microbial communities, the microorganisms in the rumen fluid or attached to feed particles have attracted
considerable research interest. However, comparatively less is known about the microorganisms attached to the rumen
epithelium. Generally, the tissue lining the gastrointestinal tract serves the dual role of absorbing nutrients while preventing
the infiltration of unwanted compounds and molecules as well as microorganisms. The rumen epithelium fulfills critical
physiological functions for the ruminant host in energy absorption, metabolism, and nutrient transport. Essential host
metabolites, such as short-chain fatty acids, ammonia, urea, and minerals, are exchanged across the rumen wall, thereby
exposing the rumen epithelial microbiota to these nutrients. The integrity of the gastrointestinal barrier is central to animal
health and productivity. The integrity of the rumen epithelium can be compromised by high ruminal microbial fermentation
activity resulting in decreased rumen pH or by stress conditions such as heat stress or feed restriction. It is important to keep
inmind that feeding strategies in cattle have changed over the last decades in favor of energy- and nutrient-rich concentrates
instead of fiber-rich forages. These dietary shifts support high milk yields and growth rates but raised concerns regarding
a possibly compromised rumen function. This paper will provide an overview of the composition of rumen epithelial micro-
bial communities under physiological and disease conditions and will provide insights into the knowledge about the func-
tion and in situ activity of rumen epithelial microorganisms and their relevance for animal health and production. Given that
an impaired intestinal barrier will negatively affect economically significant phenotypes, a better understanding of rumen
wall microbiota is urgently needed.
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Introduction

Ruminants are important for humans in that they pro-
duce milk and meat as major protein sources for
human nutrition. The symbiosis between ruminant
animals and the microbiota present in their gastroin-
testinal (GI) tract is of critical importance for animal

health and performance (O’Hara et al., 2020).
Because ruminants lack the digestive enzymes for
cellulose degradation, ruminants rely on their GI-tract
microbiota to convert otherwise indigestible plant
material into fermentation products that can be uti-
lized by the ruminant host animal. In turn, the rumi-
nant will utilize thesemicrobial fermentation products
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such as short-chain fatty acids (SCFA) to produce meat
and milk, which can be used directly as food or as a
basis for meat- and dairy-based food products for
human consumption. A unique feature of ruminants
is the presence of a stomach consisting of 4 compart-
ments: the omasum, abomasum, reticulum, and rumen.
Among those, the rumen is an enlarged, strictly anaero-
bic fermentation chamber that is critical for the degra-
dation of dietary plant material. The rumen itself can be
divided into subsections including the dorsal, ventral,
and cranial sac and the caudodorsal and caudoventral
blind sacs. The rumen harbors a high density and diver-
sity of microorganisms consisting of bacteria, archaea,
protozoa, fungi, and bacteriophages (Gruninger et al.,
2019; Morais andMizrahi, 2019; Newbold and Ramos-
Morales, 2020). These microorganisms can either be
attached to plant material present in the rumen, be
found planktonic in the liquid fraction of the rumen,
or be attached to the rumen epithelium (Cho et al.,
2006; Sadet et al., 2007; De Mulder et al., 2017).
The identity and function of key rumen content micro-
organisms and their role in the digestion of plant
material has been characterized over the last decades
using a variety of approaches, including cultivation,
in situ, and sequencing approaches (Henderson et al.,
2015; Seshadri et al., 2018; Gruninger et al., 2019;
Morais and Mizrahi, 2019; Stewart et al., 2019; Li
et al., 2020; Newbold and Ramos-Morales, 2020).
In contrast, our knowledge about the properties and
physiological function and activity of the microorgan-
isms attached to the rumen epithelium is still highly
limited. The paucity of research on rumen epithelial
microorganisms may—at least partially—be explained
by the difficulty of sampling the rumen epithelium.
This paucity of research on rumen epithelial micro-
organisms is somewhat surprising given that the rumen
epithelial microorganisms are located at a pivotal
position regarding host animal health and nutrient
exchange between the rumen content and the rumen
epithelial tissue. More generally, in humans and ani-
mals there is an increased interest in studying the
GI-tract epithelial microbiota because the GI-tract epi-
thelium is important for maintaining the GI-tract barrier
function. An increased intestinal permeability has also
been referred to as leaky gut (Stewart et al., 2017).
Conditions leading to leaky gut symptoms can bemani-
fold, including stress, infection, or inflammation.
Because GI-tract epithelial surfaces are covered by
microorganisms, these epithelial microbial commun-
ities are likely intricately involved in metabolic proc-
esses occurring at or across the GI-tract epithelium.
Animal agriculture conditions in which the GI-tract

barrier function is compromised can include, e.g., heat
stress and/or rumen acidosis (Khafipour et al., 2009;
Baumgard and Rhoads, 2013; Minuti et al., 2014).
It is conceivable that an impaired intestinal barrier
function could negatively affect economically impor-
tant phenotypes in livestock. Indeed, in dairy cattle,
a decrease in intestinal barrier function can lead to
a reduction in productivity (Kvidera et al., 2017).
Thus, more research is warranted to determine possible
contributions of the rumen epithelial microbial com-
munities to the rumen barrier function. This paper pro-
vides an overview of the composition of rumen wall
microbial communities under physiological and dis-
ease conditions and insights into the current knowledge
about the function and in situ activity of rumen wall
microorganisms and their possible relevance for animal
health and performance.

Importance of the Rumen
Epithelium for Animal Health
and Performance in Livestock
Production

In general, one main function of the GI-tract epi-
thelium is to protect the host animal from microorgan-
isms, toxins, or toxic chemicals present in the lumen
and to prevent the unregulated entry of harmful sub-
stances or microorganisms into the lymphatic or portal
circulation. Thus, the rumen epithelium has the dual
function of both serving as a barrier against pathogens
and toxic substances and being central for adequate
absorption of rumen fermentation products such as
SCFA and secreting molecules such as urea into the
rumen (Steele et al., 2016; Aschenbach et al., 2019).
In dairy cattle, feeding of rapidly fermentable grain-
rich diets is routinely applied to high-yielding cows
tominimize disturbances in early lactation and tomaxi-
mize milk production economically over an entire lac-
tation period. One challenge of feeding strategies using
rapidly fermentable diets is that they may imbalance
the digestive physiology of cattle, particularly in the
rumen. This can result in reduced chewing and rumina-
tion activities, leading to a decreased rumen buffering
capacity. Increased concentrations of microbial fer-
mentation products such as SCFA can decrease the
ruminal pH, which can have severe consequences for
animal health and productivity (Aschenbach et al.,
2011). One of the most prominent of these examples
is the so-called subacute ruminal acidosis (SARA).
SARA is considered one of the major metabolic
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disorders affecting animal health and welfare in inten-
sive ruminant production systems (Plaizier et al., 2008;
Oetzel, 2017; Humer et al., 2018). The consequences
of SARA are diverse and include feed intake depres-
sion, reduced diet digestibility, reduced milk yield,
reduced milk fat content, GI damage, liver abscesses,
and lameness (Plaizier et al., 2008; Humer et al., 2018).
Thus, SARA is associated with reduced feed efficiency
and significant production losses, which are likely
explained by decreased fermentation efficiency in the
rumen. The metabolic alterations caused by SARA can
also lead to a release of toxic, proinflammatory metab-
olites, including lipopolysaccharide (LPS) (Zebeli and
Metzler-Zebeli, 2012). LPS is a component of the
cell wall of gram-negative bacteria and is a well-
characterized endotoxin that can stimulate the immune
system. The release of LPS can be a result of lysed bac-
terial cells or of rapid growth of gram-negative bacteria
in the rumen or at the rumen epithelium. These meta-
bolic alterations have the potential to damage the
rumen epithelium, thereby decreasing its barrier func-
tion (Plaizier et al., 2008; Zebeli and Metzler-Zebeli,
2012; Aschenbach et al., 2019). The decrease of the
rumen pH during SARA is associated with a possible
increase in osmotic pressure resulting in potential
damage of the rumen epithelium owing to swelling
and rupture of rumen papillae (Plaizier et al., 2008).
These processes can result in a degradation of gap
and tight junctions resulting in a decrease of the barrier
function of the rumen epithelium (Zebeli and Metzler-
Zebeli, 2012; Aschenbach et al., 2019). One fairly
common consequence of SARA and the more severe
rumen acidosis can be liver abscesses (Plaizier et al.,
2008; Oetzel, 2017). In feedlot cattle, liver abscesses
are generally regarded to be sequelae to ruminal acido-
sis in cattle fed diets high in readily fermentable carbo-
hydrates and low in forage. Such acidotic conditions
can lead to a reduction of the rumen epithelial barrier
function, which can allow pathogenic bacteria to enter
the systemic circulation and, when reaching the liver,
result in liver abscesses. Many of the bacteria observed
in liver abscesses, including Trueperella pyogenes and
Fusobacterium necrophorum, have also been found in
the rumen and on the rumen wall (Narayanan et al.,
1998), suggesting that these bacteria have translocated
from the rumen into the circulation and finally into the
liver. The incidence of liver abscesses is highly varia-
ble, and liver abscess incidences have been reported to
range from 10% to 20% (Amachawadi and Nagaraja,
2016). Liver abscesses have significant economic
impacts, particularly in the feedlot cattle industry. The
economic impact is highly dependent on the severity

of liver abscesses (Amachawadi and Nagaraja, 2016).
All liver abnormalities have been estimated to cost the
United States beef industry more than $15 million
annually in lost liver value alone, with approximately
two-thirds of these abnormalities being liver abscesses
(Brown and Lawrence, 2010; McCoy et al., 2017).
Based on the number and size of liver abscesses, a
decrease in carcass returns of US$20 to US$80 has been
estimated (Veloso and Drouillard, 2020). These findings
on SARA and liver abscesses underpin the importance of
the integrity of the rumen epithelium for preventing
pathogens from entering the systemic circulation.

Structure of the Rumen Epithelium/
Rumen Epithelial Microbiota

The rumen epithelium is a keratinizing stratified
squamous epithelial tissue consisting of several layers
of cells consisting of the stratum basale, stratum spino-
sum, stratum granulosum, and stratum corneum, the lat-
ter representing the most apical layer of the rumen
(Steele et al., 2016; Aschenbach et al., 2019). In contrast
to other GI-tract epithelia, such as those in the lower GI
tract, the rumen wall is not covered by a mucus layer
(Steele et al., 2016). The surface area of the rumen epi-
thelium is increased by papillae that protrude from the
epithelium (Steele et al., 2016); this increased surface
area is believed to allow higher absorption of SCFA
and minerals. The degree of papillae in the dorsal
regions of the rumen epithelium is lower than in the ven-
tral epithelium (Clauss et al., 2009). It is important to
note that the rumen epithelial microorganisms colonize
the surface of the stratum corneum but do not penetrate
into the stratum granulosum. The upper layer of the
stratum granulosum forms a network of tight junctions
that is critical for rumen epithelial barrier function
(Aschenbach et al., 2019).

Composition of Rumen Wall
Microbial Communities

Microscopic studies, cultivation-, and
polymerase chain reaction-based approaches
to determine cell densities of the rumen
epithelial microbiota

Using scanning electron microscopy, studies per-
formed on different ruminants in the 1970s and 1980s
have shown that a layer of microorganisms densely
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covers the rumen epithelium (Bauchop et al., 1975;
McCowan et al., 1978; Cheng et al., 1979; Dinsdale
et al., 1980; McCowan et al., 1980; Dehority and
Grubb, 1981; Mead and Jones, 1981; Mueller et al.,
1984; Rieu et al., 1989). The bacteria attached to the
rumen epithelium have also been referred to as epimural
bacteria (Mead and Jones, 1981); the term epimural
bacteria is, however, inconsistently being used in the
scientific community since it was first introduced. The
number of bacterial cells on the rumen wall has been
determined to range from 105 in newborn lambs to
109 per square centimeter of rumen wall tissue in
3-wk-old lambs (Rieu et al., 1989) and around 107 in
adult sheep (Dehority and Grubb, 1981). Another study
in sheep has reported cell densities ranging from 107 to
108 per gram wet weight of rumen wall tissue (Wallace
et al., 1979). Quantitative polymerase chain reaction
(qPCR) assays revealed 16S ribosomal RNA (rRNA)
gene copy numbers of approximately 109 to 1010 per
gram rumen papillae in calves, adult dairy cattle, and
beef cattle (Chen et al., 2011; Malmuthuge et al.,
2012; Wetzels et al., 2016, 2017) and 1× 108 after birth
to 4× 108 after 70 d in young goats (Jiao et al., 2015).
These data show that the rumen epithelial tissue harbors
a dense microbial population and that the bacterial den-
sities increasewith age. It should be noted, however, that
estimations of bacterial densities based on qPCR can
overestimate the actual bacterial densities, as many bac-
teria harbor multiple rRNA operons, which are most
commonly used for determining bacterial densities using
qPCR. The bacterial communities attached to the rumen
epithelium consist of strictly anaerobic bacteria and fac-
ultative anaerobes (Cheng et al., 1979; Wallace et al.,
1979; Rieu et al., 1989). The higher percentage of fac-
ultative anaerobic bacteria on the rumen epithelium
comparedwith the rumen lumen ismost likely explained
by diffusion of oxygen from the rumen wall tissue.

Cultivation-independent approaches to
investigate the composition of the rumen
epithelial microbial communities

The composition of rumen epithelial microbial
communities has been determined using cultivation-
dependent and cultivation-independent analyses over
the last decades. These analyses revealed the presence
of highly diverse microbial communities on the rumen
epithelium. The first cultivation-independent analyses
using PCR-denaturing gradient gel electrophoresis or
cloning approaches revealed initial insights into the
composition of rumen epithelial communities and
also showed that rumen epithelial and rumen content

microbial communities are distinct (Cho et al., 2006;
Sadet et al., 2007; Li et al., 2012; Malmuthuge et al.,
2012). Some studies have shown the presence of archaea
at the rumen wall (Shin et al., 2004; Pei et al., 2010; De
Mulder et al., 2017; Scharen et al., 2017; Petri et al.,
2020), although at low overall abundance compared
with bacteria. In addition, the presence of fungi (which
did not affiliate to the Neocallimastigaceae family of
rumen fungi) at the rumen wall has been shown in a
metatranscriptome sequencing study (Mann et al.,
2018). Some similarities in the composition of rumen
wall and rumen content microbial communities have
been found, but overall, the rumen content and rumen
wall microbial communities are largely distinct (Cho
et al., 2006; Sadet et al., 2007; Li et al., 2012; Mao
et al., 2015; Liu et al., 2016; De Mulder et al., 2017;
Scharen et al., 2017; Abbas et al., 2020; Ren et al.,
2020). One likely reason for this could be the diffusion
of oxygen from the rumen wall tissue, which would
inhibit the growth of strictly anaerobic bacteria—which
are common in the rumen content—at the rumen epi-
thelium. Over the last decade, a number of studies have
performed different sequencing-based approaches to
study the composition of rumen wall microbial com-
munities in different ruminants, including cattle, sheep,
goats, yak, and deer (Li et al., 2012; Malmuthuge et al.,
2014; Jiao et al., 2015; Liu et al., 2015, 2016; Mao
et al., 2015; Wetzels et al., 2015, 2016, 2017; De
Mulder et al., 2017; Scharen et al., 2017; Seddik et al.,
2018; Petri et al., 2019, 2020; Ricci et al., 2019; Abbas
et al., 2020; Ren et al., 2020). Particularly, many Pro-
teobacteria phylotypes—including Campylobacter-like
operational taxonomic units (OTU), deltaproteobacterial
OTU (Desulfovibrio, Desulfobulbus), and betaproteo-
bacterial OTU (affiliating to the Neisseriaceae family
or the Burkholderiales order)—can be abundant, or of
higher abundance in the rumen epithelium compared
with rumen content (Jiao et al., 2015; Mao et al., 2015;
Wetzels et al., 2015, 2016, 2017; Liu et al., 2016;
Scharen et al., 2017; Petri et al., 2018; Petri et al.,
2019; Abbas et al., 2020; Ren et al., 2020). Similar
results were observed in the studies mentioned earlier
for other (non-Proteobacteria) phylotypes also, includ-
ing Butyrivibrio, Treponema, and Mogibacterium. In
addition to DNA-based sequencing approaches,
Desulfovibrio and betaproteobacterial phylotypes (iden-
tified as Comamonas and Azoarcus) have been found to
be abundant at the rumen epithelium using RNA-based
sequencing (Mann et al., 2018; Li et al., 2019c).

It is important to note that, until now, most studies
have sampled the rumen wall in the ventral rumen sac;
thus, the results mentioned in this paper mostly apply
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to the ventral rumen sac. One recent study has determined
the rumen epithelial community composition at 4 differ-
ent sites (cranial sac, ventral sac, caudodorsal blind sac,
and caudoventral blind sac) within the rumen of Holstein
dairy cattle (Sbardellati et al., 2020). This study signifi-
cantly advanced our understanding of the composition
of rumen wall microbial communities by showing that
shared—but also distinct—rumen epithelial microbial
communities exist across different locations in the rumen.
The differences in rumen epithelial communities at differ-
ent locations in the rumen canmost likely be explained by
morphological, physiological parameters found at differ-
ent locations of the rumen. Based on the reported
differences in microbial communities between various
locations of the rumen as well as the stratification of
the rumen content—such that the heavier, finer, often
more digested feed particles sink toward the bottom of
the ventral sac and the more recently ingested, lighter
feed particles float on top in a layer called the rumen
mat—it is tempting to speculate that the rumen epithelial
microbial communities might also display a different
composition based on their stratificationwithin the rumen
epithelium: i.e., are the microbial communities in the dor-
sal regions of the rumen wall different from those in the
ventral parts of the rumen epithelium?A recent study pro-
vided the first evidence for this hypothesis showing that
the ventral and dorsal rumen epithelial microbial com-
munities in yaks are indeed significantly different (Ren
et al., 2020). In the future, it would be interesting to inves-
tigate this finding in more detail to determine whether a
possible stratification of rumen wall microbial commun-
ities also exists in other ruminants andwhat the functional
basis for such a stratification might be.

Several studies have analyzed the effect of high-
grain feeding or of inducing SARA on the composition
of microbial communities at the rumen epithelium of
different ruminants. Overall, the induction of SARA
or a rapid change to a high-grain diet resulted in signifi-
cant changes in microbial community composition.
In 2 studies in goats, a shift to a high-grain diet resulted
in major changes in microbial community composition
(Liu et al., 2015; Wetzels et al., 2015). Similar results
were observed in the sheep rumen epithelial microbiota
(Seddik et al., 2018). In beef cattle, a switch to a high-
grain diet and an acidotic challenge resulted in a
decrease in fiber-degrading microorganisms such as
Fibrobacter andRuminococcus at the rumen epithelium
and an increase in bacteria such as Prevotella (Petri
et al., 2013). Experiments inducing a transient (1-wk)
SARA challenge in dairy cattle resulted in significant
shifts in the composition of the rumen epithelial micro-
biota on the whole-community level (Wetzels et al.,

2016; Petri et al., 2020). A long-term (4-wk) SARA
challenge resulted in significant changes in rumen epi-
thelial microbial communities, including a significant
decrease in diversity (Wetzels et al., 2017). The study
conducted by Wetzels et al. (2017) also suggested that
longer times of high-grain feeding leads to more sub-
stantial changes in rumen epithelial microbial commun-
ities compared with shorter, and transient, periods of
high-grain feeding or SARA challenges. Similar results
have been reported from goats (Liu et al., 2015) and
sheep (Seddik et al., 2018). A follow-up study of the
experiments described in Wetzels et al. (2016) and in
Wetzels et al. (2017) showed that the rumen epithelial
community composition recovered to their initial status
before the start of the high-grain diet within 8 wk after
ending of the high-grain feeding (Petri et al., 2019).

For all of the observations and comparisons reported
earlier, it is essential to keep in mind that the results from
differentmicrobiome studies are only comparable to a lim-
ited degree. A lack of comparability is a general challenge
of microbiome studies, particularly in studies performed
with livestock, which are faced with even more variability
than studies performed with model animals (such as
rodents) under controlled laboratory conditions (O’Hara
et al., 2020). The comparability of different studies is lim-
ited because of variation causedby (i) different animal spe-
cies, genders, and breeds used; (ii) different management
strategies; (iii) differences owing to diet and geographical
location; (iv) differences in age of the animals; and (v) dif-
ferent methodologies and their inherent biases used to
determine and analyze microbial communities. For ampli-
con sequencing studies, the usage of amplicon sequencing
variants (ASV)—also referred to as exact sequence var-
iants—instead of (97% or 99% similarity) OTU can
increase the comparability between amplicon sequencing
studies (Callahan et al., 2017; Glassman and Martiny,
2018). Another important aspect to consider when com-
paring ASV and OTU is that ASV are based—in contrast
to OTU—not on clustering of sequences based on similar-
ity but on bioinformatic approaches to determine the
probability that a given sequencing read is not due to
sequencing error. Additional efforts to increase the com-
parability of amplicon sequencing microbiome studies
include the Microbiome Quality Control project consor-
tium (Sinha et al., 2017).

Functions of Rumen Wall Microbial
Communities

In general, knowledge about the function of the
rumen epithelial microorganisms is still highly limited.
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In addition to some early cultivation-based studies
(Abdel Rahman, 1966; Cheng and Wallace, 1979;
Wallace et al., 1979), only very few recent studies have
provided functional insight into the rumen epithelial
microbiota. Some recent studies have performed tran-
scriptome sequencing of rumen epithelial samples—
albeit either without analyzing the gene expression
of the rumen epithelial microbiota (Kong et al., 2016;
Zhao et al., 2017) or by analyzing only the microbial
rRNA reads from the transcriptome sequencing data
(Li et al., 2019a, 2019b, 2019c). One study has re-
cently performed metagenome shotgun sequencing of
rumenwall samples obtained from goats. Although this
study provided valuable insights into the functional
potential of the rumen epithelial microbiota—such as
reporting the presence of propionate, butyrate, and vita-
min metabolism genes—the analyses in this study were
only performed at a very general pathway level, thus
limiting the functional insights that can be gained from
the study (Shen et al., 2019). As mentioned earlier, one
key host characteristic that is fundamentally different
for the rumen epithelial microbial communities and
the rumen content microbial communities is the pres-
ence of oxygen as a result of oxygen diffusion from
the host tissue. This is exemplified by the presence
of facultative anaerobic bacteria on the rumen epi-
thelium (Cheng et al., 1979; Wallace et al., 1979;
Rieu et al., 1989). Thus, it has been suggested that the
rumen wall microorganisms scavenge oxygen to
ensure strictly anaerobic conditions for rumen content
bacteria (Cheng et al., 1979). An exposure of epithelial
microbial communities to oxygen diffusing from tis-
sues has been described for nonruminant mammals
(Espey, 2013; Friedman et al., 2018) and likely also
occurs in the rumen. In line with this, high in situ
expression levels of genes involved in oxidative stress
response—including thioredoxin reductase, gluta-
thione peroxidase, and superoxide dismutase—have
been identified in the rumen epithelial microbiota using
metatranscriptome sequencing (Mann et al., 2018).
Another suggested function of rumen epithelial bacte-
ria is the digestion of cells of the host epithelial tissue,
which might represent an important contribution to tis-
sue recycling (McCowan et al., 1978; Cheng et al.,
1979; Dinsdale et al., 1980).

Microbial enzymatic hydrolysis of cellulose is a key
step in the degradation of fiber-rich plant material in the
rumen. Fibrobacter succinogenes and Ruminococcus
are well-characterizedmajor cellulolytic rumen bacteria.
Although these cellulose-degrading bacteria are pri-
marily associated with the particle-attached part of
the rumen content (Henderson et al., 2015), phylotypes

affiliating to the genera Fibrobacter and Ruminococcus
were also shown to be present at the rumen wall in
various studies, although mostly in lower abundance
compared with the rumen content (Petri et al., 2013;
Liu et al., 2016; Scharen et al., 2017; Seddik et al.,
2018). A metatranscriptome sequencing study provided
in situ evidence for cellulose and cellobiose degradation
by rumen wall bacteria based on the expression of
endoglucanase (Enzyme Commission [EC] number:
3.2.1.4), cellobiose phosphorylase (EC: 2.4.1.20), and
beta-glucosidase (EC: 3.2.1.21) genes (Mann et al.,
2018). In addition to cellulose degradation, rumen epi-
thelial bacteria might also be involved in the breakdown
of starch indicated by the expression of glycogen phos-
phorylase (EC: 2.4.1.1) and of alpha-amylase (EC:
3.2.1.1) genes in the study by Mann et al. (2018). The
high expression levels of glycogen phosphorylase and
(to a lesser degree) of alpha-amylase suggest that starch
degradation is an important metabolic process in rumen
epithelial bacteria. In the latter study, the alpha-amylase
genes were exclusively transcribed by Bacteroidetes,
namely Bacteroides and Prevotella.

Sulfate-reducing bacteria have been isolated from
ruminants (Huisingh et al., 1974; Howard and Hungate,
1976). Putative sulfate-reducing bacteria affiliating to
the genera Desulfobulbus and Desulfovibrio have been
found on the rumen wall in many recent 16S rRNA
gene-based amplicon sequencing studies (Petri et al.,
2013; Mao et al., 2015; Liu et al., 2016; De Mulder
et al., 2017; Scharen et al., 2017; Wetzels et al., 2017;
Seddik et al., 2018). In our metatranscriptome sequenc-
ing study (Mann et al., 2018), we provided evidence for
sulfate reduction activity by rumen wall bacteria based
on high gene expression of the dissimilatory (bi)sulfite
reductase (dsrAB) genes, the key genes for sulfate reduc-
tion. Whether the production of sulfide by sulfate reduc-
ers occurs at a sufficiently high level to have a possible
negative impact on the rumen epithelium is currently
unclear. We assume that sulfate reduction activity in
the rumenwall has a detrimental effect on the rumen epi-
thelium owing to the toxicity of hydrogen sulfide
(Drewnoski et al., 2014).

One key function of rumen content microorgan-
isms is the production of SCFA, such as acetate, pro-
pionate, and butyrate, which are of high relevance
for the host animal as energy sources, and which can
meet up to 70% of the host’s energy needs (O’Hara
et al., 2020). Members of the rumen epithelial micro-
bial community expressed the genes for the succinate
pathway for propionate production (Mann et al., 2018)
with mmdA as the key gene encoding the methylma-
lonyl-coenzyme A (CoA) decarboxylase (Reichardt
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et al., 2014). This pathway was mainly expressed in
Proteobacteria, particularly in uncharacterized mem-
bers of the Neisseriaceae (Mann et al., 2018). Among
SCFA, butyrate is particularly relevant for epithelial
tissues as it has been shown that butyrate contributes
to epithelial tissue development such as papillae devel-
opment and barrier function in ruminants (Gorka et al.,
2018; Lin et al., 2019). Metatranscriptome sequencing
of rumen wall samples revealed medium expression
levels of genes involved in butyrate production, includ-
ing the butyryl-CoA:acetate CoA-transferase (but)
(EC: 2.8.3.8) and butyrate kinase (buk) (EC: 2.7.2.7)
genes as terminal genes for butyrate production. These
transcripts were derived mainly from Firmicutes such
as Clostridium and Butyrivibrio, as well as from
Proteobacteria (Mann et al., 2018). The production
of butyrate has recently been shown to stimulate the
expression of rumen host animal epithelial genes
involved in signaling and cell growth (Lin et al., 2019).

One of the central functions of rumen wall bacteria
is urease activity, which results in the formation of
ammonia and carbon dioxide derived from the hydroly-
sis of urea by the enzyme urease (EC 3.5.1.5). Urea
influx from the rumen tissue across the rumen epi-
thelium into the rumen content can occur by diffusion
or by active transport (Abdoun et al., 2006). Another
source of urea in the rumen can be the diet, where urea
can also be part of the feed. Urease activity of rumen
epithelial bacteria has already been described by vari-
ous studies in the 1960s and 1970s (Abdel Rahman,
1966; Cheng et al., 1979; Cheng and Wallace, 1979;
Wallace et al., 1979). Later, the genes of the urease sub-
unit C gene ureC were amplified from DNA samples
obtained from the rumenwall revealing a high diversity
of potentially ureolytic bacteria on the rumen wall,
including many yet unknown, novel, ureC gene se-
quences (Jin et al., 2017). A study from our lab has
demonstrated gene expression of all 4 urease subunit
genes in rumen epithelial bacteria using metatranscrip-
tome sequencing (Mann et al., 2018). Notably, the
gene expression levels of urease genes were among
the highest of all genes in this study, suggesting a high
level of urease activity of the rumen epithelial micro-
biota, which is in line with earlier observations (Abdel
Rahman, 1966; Cheng et al., 1979; Cheng and
Wallace, 1979; Wallace et al., 1979). Expressed urease
sequences detected by metatranscriptome sequencing
belonged mainly to the genera Flavobacterium,
Corynebacterium, Helicobacter, Clostridium, and
Bacillus (Mann et al., 2018). As a result of their urease
activity, rumen wall bacteria thus may influence the
rumen ecosystem by affecting urea exchange across

the rumen wall (Abdoun et al., 2006) more efficiently
than previously thought, thereby playing an important
role in the rumen nitrogen cycle. Similarly, the
observed high expression levels of other key enzymes
in nitrogen metabolism such as glutamate dehydrogen-
ase (EC: 1.4.1.4), glutamine synthase (EC: 6.3.1.2),
and glutamate synthase (EC: 1.4.1.13, EC: 1.4.1.14)
in the study by Mann et al. (2018) underscores the
importance of rumen wall bacteria in nitrogen meta-
bolism in addition to urease activity. We have also
identified the expression of nitrogenase, the enzyme
for nitrogen reduction, which converts nitrogen into
ammonia in rumen wall microbial communities (Mann
et al., 2018). Taken together, the currently available
data suggest that nitrogen metabolism is one key func-
tion of the rumen epithelial microbiota.

Quorum sensing is a widespread form of bacterial
communication, both within and between species.
Quorum sensing signaling molecules have been
detected in the rumen content in several independent
studies, although sometimes without identifying the
microorganisms producing these molecules (Erickson
et al., 2002; Mitsumori et al., 2003; Ghali et al., 2016;
Ran et al., 2016). More recently, it has been shown
that many abundant rumen content bacteria such as
Butyrivibrio, Prevotella, and Ruminococcus possess
quorum sensing genes and that these genes are ex-
pressed in the rumen (Won et al., 2020). It is unknown
whether quorum sensing genes are also present and
expressed in the rumen epithelial microbiota. Because
of the biofilm-like growth of the rumen epithelial
microbiota, it is intriguing to speculate that quorum
sensing is also occurring at the rumen epithelial micro-
biota, although experimental proof needs to be pro-
vided in future studies.

Conclusions and Future Research
Perspectives

Although many studies performed over recent
years have significantly increased the knowledge about
the composition of rumen epithelial microbial com-
munities, knowledge about the functional potential
and in situ functions and activity of the rumen wall
microbiota is still highly limited. In addition, a better
understanding of the long-term temporal stability of
the rumen epithelial microbial communities is urgently
needed. This should include studying, e.g., the effects
of seasonal variation. Future studies will therefore be
needed to increase our knowledge about the rumen
wall microbial communities. Such studies should
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include cultivation-based and cultivation-independent
approaches, such as shotgun metagenomics or meta-
transcriptome sequencing as well as metabolomic ap-
proaches. In addition, microscopy-based approaches,
including histological tissue staining and fluorescence
in situ hybridization, will be needed to provide better
knowledge about the spatial organization and structure
of rumen wall microbial communities. Another impor-
tant aspect to consider is the functional redundancy
between different, taxonomically unrelated micro-
organisms. Thus, the same metabolic pathways can
be performed by various microorganisms. This func-
tional redundancy can lead to differences in the taxo-
nomic composition of microbial communities, which
can nevertheless fulfill the same metabolic function.
The application of such approaches will yield a better
understanding of the biological functions underlying
changes in the composition of rumen epithelial com-
munities and might allow the development of targeted
interventions to increase the health and performance of
ruminant livestock.

Literature Cited

Abbas,W., B. N. Keel, S. D. Kachman, S. C. Fernando, J. E.Wells,
K. E. Hales, and A. K. Lindholm-Perry. 2020. Rumen
epithelial transcriptome and microbiome profiles of rumen
epithelium and contents of beef cattle with and without liver
abscesses. J. Anim. Sci. 98:skaa359. https://doi.org/10.1093/
jas/skaa359.

Abdel Rahman, S. 1966. Comparative study of the urease in the
rumen wall and rumen content. Nature. 209:618–619.

Abdoun, K., F. Stumpff, and H. Martens. 2006. Ammonia and
urea transport across the rumen epithelium: A review.
Anim. Health Res. Rev. 7:43–59. https://doi.org/10.1017/
S1466252307001156.

Amachawadi, R. G., and T. G. Nagaraja. 2016. Liver abscesses in
cattle: A review of incidence in Holsteins and of bacteriology
and vaccine approaches to control in feedlot cattle. J Anim.
Sci. 94:1620–1632. https://doi.org/10.2527/jas.2015-0261.

Aschenbach, J. R., G. B. Penner, F. Stumpff, and G. Gabel. 2011.
Ruminant Nutrition Symposium: Role of fermentation acid
absorption in the regulation of ruminal pH. J. Anim. Sci.
89:1092–1107. https://doi.org/10.2527/jas.2010-3301.

Aschenbach, J. R., Q. Zebeli, A. K. Patra, G. Greco, S. Amasheh,
and G. B. Penner. 2019. Symposium review: The importance
of the ruminal epithelial barrier for a healthy and productive
cow. J. Dairy Sci. 102:1866–1882. https://doi.org/10.3168/
jds.2018-15243.

Bauchop, T., R. T. Clarke, and J. C. Newhook. 1975. Scanning
electron microscope study of bacteria associated with the
rumen epithelium of sheep. Appl. Microbiol. 30:668–675.

Baumgard, L. H., and R. P. Rhoads Jr. 2013. Effects of heat stress
on postabsorptive metabolism and energetics. Annu. Rev.

Anim. Biosci. 1:311–337. https://doi.org/10.1146/annurev-
animal-031412-103644.

Brown, T. R., and T. E. Lawrence. 2010. Association of liver abnor-
malities with carcass grading performance and value. J. Anim.
Sci. 88:4037–4043. https://doi.org/10.2527/jas.2010-3219.

Callahan, B. J., P. J. McMurdie, and S. P. Holmes. 2017. Exact
sequence variants should replace operational taxonomic units
in marker-gene data analysis. ISME J. 11:2639–2643. https://
doi.org/10.1038/ismej.2017.119.

Chen, Y., G. B. Penner, M. Li, M. Oba, and L. L. Guan. 2011.
Changes in bacterial diversity associated with epithelial tissue
in the beef cow rumen during the transition to a high-grain
diet. Appl. Environ. Microb. 77:5770–5781. https://doi.org/
10.1128/AEM.00375-11.

Cheng, K. J., and R. J. Wallace. 1979. Mechanism of passage of
endogenous urea through the rumen wall and the role of
ureolytic epithelial bacteria in the urea flux. Brit. J. Nutr.
42:553–557. https://doi.org/10.1079/bjn19790147.

Cheng, K. J., R. P. McCowan, and J. W. Costerton. 1979. Adherent
epithelial bacteria in ruminants and their roles in digestive
tract function. Am. J. Clin. Nutr. 32:139–148.

Cho, S. J., K.M. Cho, E. C. Shin,W. J. Lim, S. Y.Hong, B. R. Choi,
J. M. Kang, S. M. Lee, Y. H. Kim, H. Kim, and H. D. Yun.
2006. 16S rDNA analysis of bacterial diversity in three
fractions of cow rumen. J. Microbiol. Biotechn. 16:92–101.

Clauss,M., R. R. Hofmann, J. Fickel,W. J. Streich, and J. Hummel.
2009. The intraruminal papillation gradient in wild rumi-
nants of different feeding types: Implications for rumen physi-
ology. J Morphol. 270:929–942. https://doi.org/10.1002/
jmor.10729.

DeMulder, T., K. Goossens, N. Peiren, L. Vandaele, A. Haegeman,
C. De Tender, T. Ruttink, T. V. de Wiele, and S. De
Campeneere. 2017. Exploring the methanogen and bacterial
communities of rumen environments: Solid adherent, fluid
and epimural. FEMS Microbiol. Ecol. 93. https://doi.org/10.
1093/femsec/fiw251.

Dehority, B. A., and J. A. Grubb. 1981. Bacterial population adher-
ent to the epithelium on the roo of the dorsal rumen of sheep.
Appl. Environ. Microb. 41:1424–1427.

Dinsdale, D., K. J. Cheng, R. J. Wallace, and R. A. Goodlad. 1980.
Digestion of epithelial tissue of the rumen wall by adherent
bacteria in infused and conventionally fed sheep. Appl.
Environ. Microb. 39:1059–1066.

Drewnoski,M. E., D. J. Pogge, and S. L. Hansen. 2014. High-sulfur
in beef cattle diets: A review. J. Anim. Sci. 92:3763–3780.
https://doi.org/10.2527/jas.2013-7242.

Erickson, D. L., V. L. Nsereko, D. P.Morgavi, L. B. Selinger, L.M.
Rode, and K. A. Beauchemin. 2002. Evidence of quorum
sensing in the rumen ecosystem: detection of N-acyl homoser-
ine lactone autoinducers in ruminal contents. Can. J.
Microbiol. 48:374–378. https://doi.org/10.1139/w02-022.

Espey, M. G. 2013. Role of oxygen gradients in shaping redox
relationships between the human intestine and its microbiota.
Free Radical Bio. Med. 55:130–140. https://doi.org/10.1016/
j.freeradbiomed.2012.10.554.

Friedman, E. S., K. Bittinger, T. V. Esipova, L. Hou, L. Chau, J.
Jiang, C. Mesaros, P. J. Lund, X. Liang, G. A. FitzGerald,
M. Goulian, D. Lee, B. A. Garcia, I. A. Blair, S. A.

Meat and Muscle Biology 2021, 4(2): 19, 1–11 Schmitz-Esser Rumen wall microbiota

American Meat Science Association. 8 www.meatandmusclebiology.com

https://doi.org/10.1093/jas/skaa359
https://doi.org/10.1093/jas/skaa359
https://doi.org/10.1017/S1466252307001156
https://doi.org/10.1017/S1466252307001156
https://doi.org/10.2527/jas.2015-0261
https://doi.org/10.2527/jas.2010-3301
https://doi.org/10.3168/jds.2018-15243
https://doi.org/10.3168/jds.2018-15243
https://doi.org/10.1146/annurev-animal-031412-103644
https://doi.org/10.1146/annurev-animal-031412-103644
https://doi.org/10.2527/jas.2010-3219
https://doi.org/10.1038/ismej.2017.119
https://doi.org/10.1038/ismej.2017.119
https://doi.org/10.1128/AEM.00375-11
https://doi.org/10.1128/AEM.00375-11
https://doi.org/10.1079/bjn19790147
https://doi.org/10.1002/jmor.10729
https://doi.org/10.1002/jmor.10729
https://doi.org/10.1093/femsec/fiw251
https://doi.org/10.1093/femsec/fiw251
https://doi.org/10.2527/jas.2013-7242
https://doi.org/10.1139/w02-022
https://doi.org/10.1016/j.freeradbiomed.2012.10.554
https://doi.org/10.1016/j.freeradbiomed.2012.10.554
www.meatandmusclebiology.com


Vinogradov, and G. D. Wu. 2018. Microbes vs. chemistry in
the origin of the anaerobic gut lumen. P. Natl. Acad. Sci. USA.
115:4170–4175. https://doi.org/10.1073/pnas.1718635115.

Ghali, I., T. Shinkai, and M. Mitsumori. 2016. Mining of luxS
genes from rumen microbial consortia by metagenomic and
metatranscriptomic approaches. Anim. Sci. J. 87:666–673.
https://doi.org/10.1111/asj.12476.

Glassman, S. I., and J. B. H. Martiny. 2018. Broadscale ecological
patterns are robust to use of exact sequence variants versus
operational taxonomic units. mSphere. 3:e00148-18. https://
doi.org/10.1128/mSphere.00148-18.

Gorka, P., Z. M. Kowalski, R. Zabielski, and P. Guilloteau. 2018.
Invited review: Use of butyrate to promote gastrointestinal
tract development in calves. J. Dairy Sci. 101:4785–4800.
https://doi.org/10.3168/jds.2017-14086.

Gruninger, R. J., G. O. Ribeiro, A. Cameron, and T. A. McAllister.
2019. Invited review: Application of meta-omics to under-
stand the dynamic nature of the rumen microbiome and
how it responds to diet in ruminants. Animal. 13:1843–
1854. https://doi.org/10.1017/S1751731119000752.

Henderson, G., F. Cox, S. Ganesh, A. Jonker, W. Young, Global
Rumen Census Collaborators, and P. H. Janssen. 2015.
Rumen microbial community composition varies with diet
and host, but a core microbiome is found across a wide geo-
graphical range. Sci. Rep.-UK. 5:14567. https://doi.org/10.
1038/srep14567.

Howard, B. H., andR. E. Hungate. 1976. Desulfovibrio of the sheep
rumen. Appl. Environ Microb. 32:598–602.

Huisingh, J., J. J. McNeill, and G. Matrone. 1974. Sulfate reduction
by a Desulfovibrio species isolated from sheep rumen. Appl.
Microbiol. 28:489–497.

Humer, E., R. M. Petri, J. R. Aschenbach, B. J. Bradford, G. B.
Penner, M. Tafaj, K. H. Sudekum, and Q. Zebeli. 2018.
Invited review: Practical feeding management recommenda-
tions to mitigate the risk of subacute ruminal acidosis in dairy
cattle. J. Dairy Sci. 101:872–888. https://doi.org/10.3168/jds.
2017-13191.

Jiao, J. Z., J. Y. Huang, C. S. Zhou, and Z. L. Tan. 2015. Taxonomic
identification of ruminal epithelial bacterial diversity during
rumen development in goats. Appl. Environ. Microb.
81:3502–3509. https://doi.org/10.1128/AEM.00203-15.

Jin, D., S. Zhao, N. Zheng, D. Bu, Y. Beckers, S. E. Denman, C. S.
McSweeney, and J. Wang. 2017. Differences in ureolytic
bacterial composition between the rumen digesta and rumen
wall based on ureC gene classification. Front. Microbiol.
8:385–385. https://doi.org/10.3389/fmicb.2017.00385.

Khafipour, E., D. O. Krause, and J. C. Plaizier. 2009. A grain-based
subacute ruminal acidosis challenge causes translocation of
lipopolysaccharide and triggers inflammation. J. Dairy Sci.
92:1060–1070. https://doi.org/10.3168/jds.2008-1389.

Kong, R. S., G. Liang, Y. Chen, P. Stothard, and L. L. Guan. 2016.
Transcriptome profiling of the rumen epithelium of beef cattle
differing in residual feed intake. BMC Genomics. 17:592.
https://doi.org/10.1186/s12864-016-2935-4.

Kvidera, S. K., M. J. Dickson, M. Abuajamieh, D. B. Snider, M. V.
S. Fernandez, J. S. Johnson, A. F. Keating, P. J. Gorden, H. B.
Green, K. M. Schoenberg, and L. H. Baumgard. 2017.
Intentionally induced intestinal barrier dysfunction causes

inflammation, affects metabolism, and reduces productivity
in lactating Holstein cows. J. Dairy Sci. 100:4113–4127.
https://doi.org/10.3168/jds.2016-12349.

Li, W., A. Edwards, C. Riehle, M. S. Cox, S. Raabis, J. H.
Skarlupka, A. J. Steinberger, J. Walling, D. Bickhart, and
G. Suen. 2019a. Transcriptomics analysis of host liver and
meta-transcriptome analysis of rumen epimural microbial
community in young calves treated with artificial dosing of
rumen content from adult donor cow. Sci. Rep.-UK. 9:790.
https://doi.org/10.1038/s41598-018-37033-4.

Li, W., S. Gelsinger, A. Edwards, C. Riehle, and D. Koch. 2019b.
Changes in meta-transcriptome of rumen epimural microbial
community and liver transcriptome in young calves with feed
induced acidosis. Sci. Rep.-UK. 9:18967. https://doi.org/10.
1038/s41598-019-54055-8.

Li, W., S. Gelsinger, A. Edwards, C. Riehle, and D. Koch. 2019c.
Transcriptome analysis of rumen epithelium and meta-tran-
scriptome analysis of rumen epimural microbial community
in young calves with feed induced acidosis. Sci. Rep.-UK.
9:4744.

Li, J., H. Zhong, Y. Ramayo-Caldas, N. Terrapon, V. Lombard, G.
Potocki-Veronese, J. Estelle, M. Popova, Z. Yang, H. Zhang,
F. Li, S. Tang, F. Yang, W. Chen, B. Chen, J. Li, J. Guo, C.
Martin, E. Maguin, X. Xu, H. Yang, J. Wang, L. Madsen,
K. Kristiansen, B. Henrissat, S. D. Ehrlich, and D. P.
Morgavi. 2020. A catalog of microbial genes from the bovine
rumen unveils a specialized and diverse biomass–degrading
environment. Gigascience. 9:giaa057. https://doi.org/10.1093/
gigascience/giaa057.

Li, M. J., M. Zhou, E. Adamowicz, J. A. Basarab, and L. L. Guan.
2012. Characterization of bovine ruminal epithelial bacterial
communities using 16S rRNA sequencing, PCR-DGGE,
and qRT-PCR analysis. Vet Microbiol. 155:72–80. https://
doi.org/10.1016/j.vetmic.2011.08.007.

Lin, L., F. Xie, D. Sun, J. Liu, W. Zhu, and S. Mao. 2019. Ruminal
microbiome-host crosstalk stimulates the development of the
ruminal epithelium in a lamb model. Microbiome. 7:83.
https://doi.org/10.1186/s40168-019-0701-y.

Liu, J. H., G. R. Bian, W. Y. Zhu, and S. Y. Mao. 2015. High-grain
feeding causes strong shifts in ruminal epithelial bacterial
community and expression of Toll-like receptor genes in
goats. Front. Microbiol. 6:167. https://doi.org/10.3389/fmicb.
2015.00167.

Liu, J. H.,M. L. Zhang, R.Y. Zhang,W.Y. Zhu, and S.Y.Mao. 2016.
Comparative studies of the composition of bacterial microbiota
associated with the ruminal content, ruminal epithelium and in
the faeces of lactating dairy cows. Microb. Biotechnol. 9:257–
268. https://doi.org/10.1111/1751-7915.12345.

Malmuthuge, N., P. J. Griebel, and L. L. Guan. 2014. Taxonomic
identification of commensal bacteria associated with the
mucosa and digesta throughout the gastrointestinal tracts of
preweaned calves. Appl. Environ. Microb. 80:2021–2028.
https://doi.org/10.1128/AEM.03864-13.

Malmuthuge, N., M. Li, Y. Chen, P. Fries, P. J. Griebel, B.
Baurhoo, X. Zhao, and L. L. Guan. 2012. Distinct commensal
bacteria associated with ingesta and mucosal epithelium in
the gastrointestinal tracts of calves and chickens. FEMS
Microbiol. Ecol. 79:337–347. https://doi.org/10.1111/j.1574-
6941.2011.01220.x.

Meat and Muscle Biology 2021, 4(2): 19, 1–11 Schmitz-Esser Rumen wall microbiota

American Meat Science Association. 9 www.meatandmusclebiology.com

https://doi.org/10.1073/pnas.1718635115
https://doi.org/10.1111/asj.12476
https://doi.org/10.1128/mSphere.00148-18
https://doi.org/10.1128/mSphere.00148-18
https://doi.org/10.3168/jds.2017-14086
https://doi.org/10.1017/S1751731119000752
https://doi.org/10.1038/srep14567
https://doi.org/10.1038/srep14567
https://doi.org/10.3168/jds.2017-13191
https://doi.org/10.3168/jds.2017-13191
https://doi.org/10.1128/AEM.00203-15
https://doi.org/10.3389/fmicb.2017.00385
https://doi.org/10.3168/jds.2008-1389
https://doi.org/10.1186/s12864-016-2935-4
https://doi.org/10.3168/jds.2016-12349
https://doi.org/10.1038/s41598-018-37033-4
https://doi.org/10.1038/s41598-019-54055-8
https://doi.org/10.1038/s41598-019-54055-8
https://doi.org/10.1093/gigascience/giaa057
https://doi.org/10.1093/gigascience/giaa057
https://doi.org/10.1016/j.vetmic.2011.08.007
https://doi.org/10.1016/j.vetmic.2011.08.007
https://doi.org/10.1186/s40168-019-0701-y
https://doi.org/10.3389/fmicb.2015.00167
https://doi.org/10.3389/fmicb.2015.00167
https://doi.org/10.1111/1751-7915.12345
https://doi.org/10.1128/AEM.03864-13
https://doi.org/10.1111/j.1574-6941.2011.01220.x
https://doi.org/10.1111/j.1574-6941.2011.01220.x
www.meatandmusclebiology.com


Mann, E., S. U. Wetzels, M. Wagner, Q. Zebeli, and S. Schmitz-
Esser. 2018. Metatranscriptome sequencing reveals insights
into the gene expression and functional potential of rumen
wall bacteria. Front. Microbiol. 9:43–43. https://doi.org/10.
3389/fmicb.2018.00043.

Mao, S., M. Zhang, J. Liu, and W. Zhu. 2015. Characterising the
bacterial microbiota across the gastrointestinal tracts of dairy
cattle: Membership and potential function. Sci. Rep.-UK.
5:16116–16116.

McCowan, R. P., K. J. Cheng, C. B. Bailey, and J. W. Costerton.
1978. Adhesion of bacteria to epithelial cell surfaces within
the reticulo-rumen of cattle. Appl. Environ. Microb. 35:
149–155.

McCowan, R. P., K. J. Cheng, and J. W. Costerton. 1980. Adherent
bacterial populations on the bovine rumen wall: distribution
patterns of adherent bacteria. Appl. Environ. Microb. 39:
233–241.

McCoy, E. J., T. G. O’Quinn, E. F. Schwandt, C. D. Reinhardt, and
D. U. Thomson. 2017. Effects of liver abscess severity and
quality grade on meat tenderness and sensory attributes in
commercially finished beef cattle fed without tylosin phos-
phate. Translational Animal Science. 1:304–310. https://doi.
org/10.2527/tas2017.0036.

Mead, L. J., and G. A. Jones. 1981. Isolation and presumptive iden-
tification of adherent epithelial bacteria (“epimural” bacteria)
from the ovine rumen wall. Appl. Environ. Microb. 41:1020–
1028.

Minuti, A., S. Ahmed, E. Trevisi, F. Piccioli-Cappelli, G. Bertoni,
N. Jahan, and P. Bani. 2014. Experimental acute rumen acido-
sis in sheep: Consequences on clinical, rumen, and gastroin-
testinal permeability conditions and blood chemistry. J Anim.
Sci. 92:3966–3977. https://doi.org/10.2527/jas.2014-7594.

Mitsumori, M., L. M. Xu, H. Kajikawa, M. Kurihara, K. Tajima, J.
Hai, and A. Takenaka. 2003. Possible quorum sensing in the
rumen microbial community: Detection of quorum-sensing
signal molecules from rumen bacteria. FEMS Microbiol.
Lett. 219:47–52. https://doi.org/10.1016/S0378-1097(02)
01192-8.

Morais, S., and I. Mizrahi. 2019. Islands in the stream: From indi-
vidual to communal fiber degradation in the rumen ecosystem.
FEMS Microbiol. Rev. 43:362–379. https://doi.org/10.1093/
femsre/fuz007.

Mueller, R. E., J. M. Asplund, and E. L. Iannotti. 1984. Successive
changes in the epimural bacterial community of young lambs
as revealed by scanning electron microscopy. Appl. Environ.
Microb. 47:715–723.

Narayanan, S., T. G. Nagaraja, N. Wallace, J. Staats, M. M.
Chengappa, and R. D. Oberst. 1998. Biochemical and ribo-
typic comparison of Actinomyces pyogenes and A pyogenes–
like organisms from liver abscesses, ruminal wall, and ruminal
contents of cattle. Am. J. Vet. Res. 59:271–276.

Newbold, C. J., and E. Ramos-Morales. 2020. Review: Ruminal
microbiome and microbial metabolome: Effects of diet and
ruminant host. Animal. 14:s78–s86. https://doi.org/10.1017/
S1751731119003252.

O’Hara, E., A. L. A. Neves, Y. Song, and L. L. Guan. 2020. The
role of the gut microbiome in cattle production and health:
Driver or passenger? Annu. Rev. Anim. Biosci. 8:199–220.
https://doi.org/10.1146/annurev-animal-021419-083952.

Oetzel, G. R. 2017. Diagnosis andmanagement of subacute ruminal
acidosis in dairy herds. Vet. Clin. N. Am.-Food A. 33:463–
480. https://doi.org/10.1016/j.cvfa.2017.06.004.

Pei, C. X., S. Y. Mao, Y. F. Cheng, W. Y. Zhu. 2010. Diversity,
abundance and novel 16S rRNA gene sequences of methano-
gens in rumen liquid, solid and epithelium fractions of
Jinnan cattle. Animal. 4:20–29. https://doi.org/10.1017/
S1751731109990681.

Petri, R. M., M. T. Kleefisch, B. U. Metzler-Zebeli, Q. Zebeli, and
F. Klevenhusen, 2018. Changes in the rumen epithelial micro-
biota of cattle and host gene expression in response to alter-
ations in dietary carbohydrate composition. Appl. Environ.
Microb. 84. https://doi.org/10.1128/AEM.00384-18.

Petri, R. M., V. Neubauer, E. Humer, I. Kroger, N. Reisinger,
and Q. Zebeli. 2020. Feed additives differentially impact
the epimural microbiota and host epithelial gene expression
of the bovine rumen fed diets rich in concentrates. Front.
Microbiol. 11:119. https://doi.org/10.3389/fmicb.2020.00119.

Petri, R. M., T. Schwaiger, G. B. Penner, K. A. Beauchemin, R. J.
Forster, J. J. McKinnon, and T. A. McAllister. 2013. Changes
in the rumen epimural bacterial diversity of beef cattle as
affected by diet and induced ruminal acidosis. Appl.
Environ. Microb. 79:3744–3755. https://doi.org/10.1128/
AEM.03983-12.

Petri, R. M., S. U. Wetzels, M. Qumar, R. Khiaosa-Ard, and Q.
Zebeli. 2019. Adaptive responses in short-chain fatty acid
absorption, gene expression, and bacterial community of
the bovine rumen epithelium recovered from a continuous
or transient high-grain feeding. J. Dairy Sci. 102:5361–
5378. https://doi.org/10.3168/jds.2018-15691.

Plaizier, J. C., D. O. Krause, G. N. Gozho, and B. W. McBride.
2008. Subacute ruminal acidosis in dairy cows: The physio-
logical causes, incidence and consequences. Vet. J. 176:21–
31. https://doi.org/10.1016/j.tvjl.2007.12.016.

Ran, T., C. S. Zhou, L. W. Xu, M. M. Geng, Z. L. Tan, S. X. Tang,
M.Wang, X. F. Han, and J. H. Kang. 2016. Initial detection of
the quorum sensing autoinducer activity in the rumen of goats
in vivo and in vitro. J. Integr. Agr. 15:2343–2352. https://doi.
org/10.1016/S2095-3119(16)61417-X.

Reichardt, N., S. H. Duncan, P. Young, A. Belenguer, C.
McWilliam Leitch, K. P. Scott, H. J. Flint, and P. Louis.
2014. Phylogenetic distribution of three pathways for propio-
nate production within the human gut microbiota. ISME J.
8:1323–1335.

Ren, Q., H. Si, X. Yan, C. Liu, L. Ding, R. Long, Z. Li, and Q. Qiu.
2020. Bacterial communities in the solid, liquid, dorsal, and
ventral epithelium fractions of yak (Bos grunniens) rumen.
Microbiologyopen. 9:e963. https://doi.org/10.1002/mbo3.
963.

Ricci, S., R. Sandfort, B. Pinior, E. Mann, S. U. Wetzels, and G.
Stalder. 2019. Impact of supplemental winter feeding on rumi-
nal microbiota of roe deer Capreolus capreolus. Wildlife Biol.
(1):1–11. https://doi.org/10.2981/wlb.00572.

Rieu, F., G. Fonty, and P. Gouet. 1989. Colony counts and charac-
terization of bacteria adherent to the rumen wall and desqua-
mated epithelial cells in conventional young lambs. Can. J.
Microbiol. 35:698–705. https://doi.org/10.1139/m89-114.

Sadet, S., C. Martin, B. Meunier, and D. P. Morgavi. 2007. PCR-
DGGE analysis reveals a distinct diversity in the bacterial

Meat and Muscle Biology 2021, 4(2): 19, 1–11 Schmitz-Esser Rumen wall microbiota

American Meat Science Association. 10 www.meatandmusclebiology.com

https://doi.org/10.3389/fmicb.2018.00043
https://doi.org/10.3389/fmicb.2018.00043
https://doi.org/10.2527/tas2017.0036
https://doi.org/10.2527/tas2017.0036
https://doi.org/10.2527/jas.2014-7594
https://doi.org/10.1016/S0378-1097(02)01192-8
https://doi.org/10.1016/S0378-1097(02)01192-8
https://doi.org/10.1093/femsre/fuz007
https://doi.org/10.1093/femsre/fuz007
https://doi.org/10.1017/S1751731119003252
https://doi.org/10.1017/S1751731119003252
https://doi.org/10.1146/annurev-animal-021419-083952
https://doi.org/10.1016/j.cvfa.2017.06.004
https://doi.org/10.1017/S1751731109990681
https://doi.org/10.1017/S1751731109990681
https://doi.org/10.1128/AEM.00384-18
https://doi.org/10.3389/fmicb.2020.00119
https://doi.org/10.1128/AEM.03983-12
https://doi.org/10.1128/AEM.03983-12
https://doi.org/10.3168/jds.2018-15691
https://doi.org/10.1016/j.tvjl.2007.12.016
https://doi.org/10.1016/S2095-3119(16)61417-X
https://doi.org/10.1016/S2095-3119(16)61417-X
https://doi.org/10.1002/mbo3.963
https://doi.org/10.1002/mbo3.963
https://doi.org/10.2981/wlb.00572
https://doi.org/10.1139/m89-114
www.meatandmusclebiology.com


population attached to the rumen epithelium. Animal. 1:939–
944. https://doi.org/10.1017/S1751731107000304.

Sbardellati, D. L., A. Fischer, M. S. Cox, W. Li, K. F. Kalscheur,
and G. Suen. 2020. The bovine epimural microbiota displays
compositional and structural heterogeneity across different
ruminal locations. J. Dairy Sci. 103:3636–3647. https://doi.
org/10.3168/jds.2019-17649.

Scharen, M., K. Kiri, S. Riede, M. Gardener, U. Meyer, J. Hummel,
T. Urich, G. Breves, and S. Danicke. 2017. Alterations in the
rumen liquid-, particle- and epithelium-associated microbiota
of dairy cows during the transition from a silage- and concen-
trate-based ration to pasture in spring. Front.Microbiol. 8:744.
https://doi.org/10.3389/fmicb.2017.00744.

Seddik, H., L. Xu, Y. Wang, and S. Y. Mao. 2018. A rapid shift to
high-grain diet results in dynamic changes in rumen epimural
microbiome in sheep. Animal. 1–9. https://doi.org/10.1017/
S1751731118003269.

Seshadri, R., S. C. Leahy, G. T. Attwood, K. H. Teh, S. C. Lambie,
A. L. Cookson, E. A. Eloe-Fadrosh, G. A. Pavlopoulos, M.
Hadjithomas, N. J. Varghese, D. Paez-Espino, Hungate1000
project collaborators, R. Perry, G. Henderson, C. J.
Creevey, N. Terrapon, P. Lapebie, E. Drula, V. Lombard,
E. Rubin, N. C. Kyrpides, B. Henrissat, T. Woyke, N. N.
Ivanova, and W. J. Kelly. 2018. Cultivation and sequencing
of rumen microbiome members from the Hungate1000
Collection. Nat. Biotechnol. 36:359–367. https://doi.org/10.
1038/nbt.4110.

Shen, H., Z. Xu, Z. Shen, and Z. Lu. 2019. The regulation of rumi-
nal short-chain fatty acids on the functions of rumen barriers.
Front. Physiol. 10:1305. https://doi.org/10.3389/fphys.2019.
01305.

Shin, E. C., B. R. Choi,W. J. Lim, S. Y. Hong, C. L. An, K.M. Cho,
Y. K. Kim, J. M. An, J. M. Kang, S. S. Lee, H. Kim, and H. D.
Yun. 2004. Phylogenetic analysis of archaea in three fractions
of cow rumen based on the 16S rDNA sequence. Anaerobe.
10:313–319. https://doi.org/10.1016/j.anaerobe.2004.08.002.

Sinha, R., G. Abu-Ali, E. Vogtmann, A. A. Fodor, B. Ren, A. Amir,
E. Schwager, J. Crabtree, S. Ma, Microbiome Quality Control
Project Consortium, C. C. Abnet, R. Knight, O. White,
and C. Huttenhower. 2017. Assessment of variation in
microbial community amplicon sequencing by the Micro-
biome Quality Control (MBQC) project consortium. Nat.
Biotechnol. 35:1077–1086.

Steele, M. A., G. B. Penner, F. Chaucheyras-Durand, and L. L.
Guan. 2016. Development and physiology of the rumen
and the lower gut: Targets for improving gut health. J.
Dairy Sci. 99:4955–4966. https://doi.org/10.3168/jds.2015-
10351.

Stewart, R. D., M. D. Auffret, A. Warr, A. W. Walker, R. Roehe,
and M. Watson. 2019. Compendium of 4, 941 rumen metage-
nome-assembled genomes for rumenmicrobiome biology and
enzyme discovery. Nat. Biotechnol. 37:953–961. https://doi.
org/10.1038/s41587-019-0202-3.

Stewart, A. S., S. Pratt-Phillips, and L. M. Gonzalez. 2017.
Alterations in intestinal permeability: The role of the “leaky
gut” in health and disease. J. Equine Vet. Sci. 52:10–22.
https://doi.org/10.1016/j.jevs.2017.02.009.

Veloso, V. A., and J. S. Drouillard. 2020. On the potential role of
dietary lysine as a contributing factor in development of liver
abscesses in cattle. Frontiers in Veterinary Science. 7:576647.
https://doi.org/10.3389/fvets.2020.576647.

Wallace, R. J., K. J. Cheng, D. Dinsdale, and E. R. Orskov. 1979.
An independent microbial flora of the epithelium and its role
in the ecomicrobiology of the rumen. Nature. 279:424–426.
https://doi.org/10.1038/279424a0.

Wetzels, S. U., E. Mann, B. U. Metzler-Zebeli, P. Pourazad, M.
Qumar, F. Klevenhusen, B. Pinior, M. Wagner, Q. Zebeli,
and S. Schmitz-Esser. 2016. Epimural indicator phylotypes
of transiently-induced subacute ruminal acidosis in dairy cat-
tle. Front. Microbiol. 7:274. https://doi.org/10.3389/fmicb.
2016.00274.

Wetzels, S. U., E. Mann, B. U. Metzler-Zebeli, M. Wagner, F.
Klevenhusen, Q. Zebeli, and S. Schmitz-Esser. 2015. Pyro-
sequencing reveals shifts in the bacterial epimural community
relative to dietary concentrate amount in goats. J. Dairy Sci.
98:5572–5587. https://doi.org/10.3168/jds.2014-9166.

Wetzels, S. U., E. Mann, P. Pourazad, M. Qumar, B. Pinior, B. U.
Metzler-Zebeli, M. Wagner, S. Schmitz-Esser, and Q. Zebeli.
2017. Epimural bacterial community structure in the rumen of
Holstein cows with different responses to a long-term sub-
acute ruminal acidosis diet challenge. J. Dairy Sci. 100:
1829–1844. https://doi.org/10.3168/jds.2016-11620.

Won, M. Y., L. B. Oyama, S. J. Courtney, C. J. Creevey, and S. A.
Huws. 2020. Can rumen bacteria communicate to each other?
Microbiome. 8. https://doi.org/10.1186/s40168-020-00796-y.

Zebeli, Q., and B. U. Metzler-Zebeli. 2012. Interplay between
rumen digestive disorders and diet-induced inflammation in
dairy cattle. Res. Vet. Sci. 93:1099–1108. https://doi.org/
10.1016/j.rvsc.2012.02.004.

Zhao, K., Y. H. Chen, G. B. Penner, M. Oba, and L. L. Guan. 2017.
Transcriptome analysis of ruminal epithelia revealed
potential regulatory mechanisms involved in host adaptation
to gradual high fermentable dietary transition in beef cattle.
BMC Genomics. 18:976. https://doi.org/10.1186/s12864-
017-4317-y.

Meat and Muscle Biology 2021, 4(2): 19, 1–11 Schmitz-Esser Rumen wall microbiota

American Meat Science Association. 11 www.meatandmusclebiology.com

https://doi.org/10.1017/S1751731107000304
https://doi.org/10.3168/jds.2019-17649
https://doi.org/10.3168/jds.2019-17649
https://doi.org/10.3389/fmicb.2017.00744
https://doi.org/10.1017/S1751731118003269
https://doi.org/10.1017/S1751731118003269
https://doi.org/10.1038/nbt.4110
https://doi.org/10.1038/nbt.4110
https://doi.org/10.3389/fphys.2019.01305
https://doi.org/10.3389/fphys.2019.01305
https://doi.org/10.1016/j.anaerobe.2004.08.002
https://doi.org/10.3168/jds.2015-10351
https://doi.org/10.3168/jds.2015-10351
https://doi.org/10.1038/s41587-019-0202-3
https://doi.org/10.1038/s41587-019-0202-3
https://doi.org/10.1016/j.jevs.2017.02.009
https://doi.org/10.3389/fvets.2020.576647
https://doi.org/10.1038/279424a0
https://doi.org/10.3389/fmicb.2016.00274
https://doi.org/10.3389/fmicb.2016.00274
https://doi.org/10.3168/jds.2014-9166
https://doi.org/10.3168/jds.2016-11620
https://doi.org/10.1186/s40168-020-00796-y
https://doi.org/10.1016/j.rvsc.2012.02.004
https://doi.org/10.1016/j.rvsc.2012.02.004
https://doi.org/10.1186/s12864-017-4317-y
https://doi.org/10.1186/s12864-017-4317-y
www.meatandmusclebiology.com

	The Rumen Epithelial Microbiota: Possible Gatekeepers of the Rumen Epithelium and Its Potential Contributions to Epithelial Barrier Function and Animal Health and Performance
	Introduction
	Importance of the Rumen Epithelium for Animal Health and Performance in Livestock Production
	Structure of the Rumen Epithelium/Rumen Epithelial Microbiota
	Composition of Rumen Wall Microbial Communities
	Microscopic studies, cultivation-, and polymerase chain reaction-based approaches to determine cell densities of the rumen epithelial microbiota
	Cultivation-independent approaches to investigate the composition of the rumen epithelial microbial communities

	Functions of Rumen Wall Microbial Communities
	Conclusions and Future Research Perspectives
	Literature Cited


