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Feed efficiency is one of the economically important traits for the cattle industry that affects profit (feed
costs) and the environment (production of manure and methane). Due to that feed efficiency is driven by
multi-factors, mechanisms contributing to the animal to animal variation in this trait have not been well
defined, limiting the development of precision feeding strategies to improve the herd production effi-
ciency. Rumen microbial fermentation and volatile fatty acids (VFA) production have been recently re-
ported to be associated with cattle feed efficiency, however the roles of rumen epithelial function in feed
efficiency are less studied although the rumen epithelium has an important function in VFA absorption
and metabolism which can affect host feed efficiency. Rumen epithelium is colonized with a diverse
microbial population, termed epimural microbiota, which has proposed functions in tissue development,
barrier and inflammation, urea transport, and oxygen scavenging, suggesting that they can affect rumen
epithelial functions and subsequently cattle feed efficiency. Especially, prospective functions of epimural
microbiota, enhanced rumen immunity and increased rumen epithelial thickness, might contribute to
less nutritional requirement for tissue recuperation. Thus, the understanding of the functions of rumen
epithelium, epimural microbiota, and rumen epithelial host-microbe interactions is essential to identify
their roles in contributing to feed efficiency. In this review, we will focus on to date research findings on
the structure of rumen epithelium, epimural microbiota, and epithelial host-microbe interactions
together with their functions and how these are associated with feed efficiency, aiming to provide in-
sights on future directions to study rumen epithelial host-microbe interactions and improve the rumen
functions in cattle.

© 2022 Chinese Association of Animal Science and Veterinary Medicine. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

There are approximately one billion cattle, and sixtymillion tons
of beef and veal produced annually worldwide (USDA, 2021). In
cattle operations, feed accounts for a large proportion (40% to 65%)
of total production costs (Kahn and Cottle, 2014; Taylor et al., 2016).
Therefore, reducing the feed intake of beef cattle without the
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decrease in growth performance or enhancing the production rate
with a similar amount of feed intake could increase the profitability
of farmers. Furthermore, the amount of consumed feed affects the
emission of enteric greenhouse gas and the production of manure
which causes environmental problems (Boaitey et al., 2017; Brunes
et al., 2021). As such, improving cattle feed efficiency has been
identified as one of the prioritized tasks for both research and in-
dustrial communities.

Researchers have observed varied growth performance and feed
intake of animals within a population who are reared on the same
farm and/or with similar genetic background, indicating that such
differences can be directly associated with their varied feed effi-
ciency, which is usually defined as the efficiency of the conversion
from feed to animal growth or production (Nkrumah et al., 2006;
Bonilha et al., 2017; Elolimy et al., 2018). There are several measures
of feed efficiency including feed conversion ratio (FCR), residual
average daily gain (RG), and residual feed intake (RFI) (Brunes et al.,
ishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an
s/by-nc-nd/4.0/).
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2021). Recently, RFI has attracted more attention than other feed
efficiency measurements because of its moderate heritability
(h2 ¼ 0.33 ± 0.01) (Berry and Crowley, 2013), and independence of
the animal body weight/size (Kenny et al., 2018). Variation in RFI
can be affected by various biological processes including intake of
feed, digestion and absorption of feed, host metabolism, activity,
and thermoregulation (Richardson and Herd (2004)). Among them,
digestion of feed by rumen microbiota and absorption of volatile
fatty acids (VFA) required for animal growth by rumen epithelial
tissue accounts for about 15% variation of RFI in beef cattle
(Richardson and Herd (2004); Elolimy et al., 2018). It is evident that
rumen epithelial tissue plays a vital role in nutrient absorption and
the recent study revealed that expression of genes involved in the
nutrient absorption differed between cattle with feed efficiency
(Elolimy et al., 2018) suggesting that epithelial function can affect
cattle production efficiency. However, the regulatory mechanisms
of its roles in cattle feed efficiency are not well defined due to the
challenges to studying its physiological and metabolic functions
in vivo. This review will focus on the rumen epithelial functions
(tissue and its associated microbiota) and to date findings on their
roles in cattle feed efficiency, with the aim to provide knowledge
for future strategies to improve cattle feed efficiency through
enhancing the rumen functions.
2. Structure of rumen epithelium

Ruminants have developed their own morphological charac-
teristics with multi-chambered stomach including the rumen, re-
ticulum, omasum, and abomasum, being one of the novel
characteristics compared to monogastric mammals (Chen et al.,
2019). Among them, the rumen is the biggest and the main place
where the feed is digested and fermented by its symbiotic microbes
to produce VFA as the main end fermentation products. Nutrients
like VFA, minerals, and so on are absorbed through the rumen
epithelial wall and then utilized by the animals. Because over 75%
of ruminal VFA are absorbed through the rumen epithelium and
utilized as an energy resource (Church, 1974), the rumen epithelial
absorption plays a key role in ruminant's growth.

The rumen epithelium is a stratified squamous epithelium
composed of four cell layers: 1) stratum basale, 2) stratum spino-
sum, 3) stratum granulosum, and 4) stratum corneum (Baldwin and
Connor, 2017) (Fig. 1). The stratified squamous epithelium structure
is usually found in organs that are closely in contact with the
external environment like esophagus, mouth, and skin (Chru�scik
et al., 2021). Chen et al. (2019) identified that rumen epithelium
has a similar gene expression pattern with esophageal epithelium
rather than intestinal epithelium, supporting the theory that
rumen has evolved as an extension of the esophagus. Rumen
epithelium has a stratum corneum layer as a protective barrier like
esophagus due to the exposure to extensive microbes in the rumen
(Fig. 1) and a number of papillae that extend the surface area to
absorb nutrients efficiently like intestine (Meyer et al., 2014).
Therefore, the bidirectional evolution of the structure suggests that
rumen epithelium has evolved as the multi-functioned structure
for digestion and absorption of feed and protection from the in-
vasion of microbes. Moreover, it has been revealed that different
ruminant species (e.g., addax, bison, red deer, and moose) have
differences in rumen epithelial structure (e.g. papillation and
foregut size), physiology (e.g. rumen content stratification) and fi-
ber digestibility (Pe'rez-Barberı�a, 2004; Clauss et al., 2009). Based
on the studies, we could suggest that differences in rumen struc-
ture between differentially evolved ruminant species might affect
rumen physiology and feed digestibility. Hence, considering rumen
structure including the degree of papillation and foregut size as a
42
main factor might be worthwhile for feed digestibility and effi-
ciency studies in the future.

As one of the four layers, the stratum corneum is a keratinized
cell layer directly faced to the lumen. The stratum corneum pre-
vents microbes and exogenous toxic compounds including endo-
toxins and biogenic amines from penetrating the rumen epithelium
as a physical barrier similar to the mucus layer in the intestine
(Baaske et al., 2020). The stratum corneum layer consists of kera-
tinized cells through the keratinization of horny cells transformed
from the granular cells in stratum granulosum which can't prolif-
erate due to their release of the cell organelles including a nucleus,
ribosome, mitochondria, Golgi apparatus, and mucous granules
during the keratinization process (Lavker and Matoltsy, 1970).
Therefore, the preventions of direct colonization of rumen mi-
crobes on the cells of stratum granulosum and contact with toxic
compounds are critical for the keratinization to form the functional
stratum corneum. Subsequently, the tight junction formed in the
stratum granulosum allows the selective absorption of nutrients
(Aschenbach et al., 2019) as well as acts as the second physical
barrier. Cells in stratum granulosum connect each other tightly by
tight junction (TJ) proteins including claudin-1 and zonula
occludens-1 (ZO-1) and gap junction molecules like connexin 43
(Graham and Simmons, 2005). The TJ and gap junction proteins are
also expressed in stratum spinosum and stratum basale layers, but
their intensities are reduced towards the basal membrane of rumen
epithelium (Graham and Simmons, 2005). The expression of these
TJ at both gene and protein levels has been observed in rumen
epithelial tissues from multiple ruminant species (Graham and
Simmons, 2005; Stumpff et al., 2011; Sun et al., 2018; Trabi et al.,
2020), however, none of these studies investigated the expression
at each stratum layer and whether there is a difference in TJ profiles
among different layers. In the meantime, the cells in the stratum
spinosum layer have tortuous shape and become oval in shape near
the stratum granulosum and the stratum basale connects to the
stratum spinosum with desmosomes that consists of columnar
cells, and the cells have many mitochondria (Steven and Marshall,
1970). The density of cell mitochondria which produces ATPs as
an energy source for biochemical reactions occurred in the cell
increases towards the basal lamina (Graham and Simmons, 2005),
providing the energy needed for transportation of nutrients (VFA,
ketones, lactate, urea, minerals, and so on) to the blood stream, VFA
metabolism (ketogenesis), tissue morphogenesis, pH regulation
and other systemicmetabolisms (e.g., hormonal or immune-related
metabolisms). These suggest that the energy metabolisms are
actively conducted in the stratum basale which are important to
maintaining rumen epithelial homeostasis. The unique structure of
rumen epithelial layers reveals the complexity of the regulatory
mechanisms in its developmental, physiological, and metabolic
processes at each layer. However, these have not been well studied
due to the difficulty in separating each rumen epithelial layer.

The development of rumen epithelium starts from fetal stage.
Arias et al. (1978) reported that the rumen tissue of a 90-day bovine
fetal was already distinguished into mucosa, muscularis, and serosa
with a stratified-cubodial epithelium including 2 different epithelial
layers (basal and superficial; 10 cell layers) before birth. Postnatally,
the rumen epithelium of neonatal ruminants (30 d after birth) had
lower cell layers (6 cell layers) and more differentiated structure, a
stratified squamous epithelium (Arias et al., 1978; Nwaogu and
Ezeasor, 2008). Increased intake of solid feed particles during early
life stimulates the increased rumen mass, papillary growth, and
keratinization. Physical stimuli of solid feed increase rumen weight
and chemical stimuli of fermentation products such as VFA pro-
motes papillary growth and keratinization (Baldwin and Connor,
2017). Coinciding with the morphological development of rumen
epithelium, metabolic function of rumen epithelial cells changes.



Fig. 1. The structure of rumen epithelium and function of epimural microbiota: (A) oxygen scavenging, (B) tissue recycling, (C) urea digestion. SC ¼ stratum corneum; SG ¼ stratum
granulosum; SS ¼ stratum spinosum; SB ¼ stratum basale; VFA ¼ volatile fatty acids.
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While whole body tissues including the rumen epithelium use
glucose as a main energy source during the milk-fed stage, rumen
epithelial cells utilize VFA like butyrate as a primary energy source
and ketogenic precursors after weaning (Baldwin and Jesse (1992);
Baldwin and Connor, 2017). To date, there have been a little evidence
that difference in the rumen development of ruminants can influ-
ence feed efficiency. Lam et al. (2018) showed that efficient cattle
had thicker rumen epithelial tissues, especially epithelium on the
ventral blind sac, compared with inefficient cattle. In regard to the
rumen thickness, feed diet composition and fermentation products
like butyrate could affect rumen epithelium thickening (Su�arez
et al., 2007; Diao et al., 2019). Although the relationship between
rumen thickness and feed efficiency has not been understood yet,
rumen developmental parameters such as papillae length, papillae
width, and rumen epithelium thickness would provide fundamental
information as indicators and connectors between feed digestibility,
rumen development, and feed efficiency.

3. Functions of rumen epithelium

In addition to function acting as a protective barrier, rumen
epithelium plays a key role in nutrient absorption. Specifically, VFA,
the major microbial fermentation products, are absorbed through
the following several mechanisms: 1) bicarbonate-dependent
transport, 2) passive diffusion, 3) nitrate sensitive VFA absorption,
4) proton-coupled dissociated VFA transport, and 5) electrogenic
VFA transport (Penner, 2014). Among them, bicarbonate-
dependent transport and passive diffusion account for the highest
proportion of VFA absorption (42% to 57% and 29% to 59%, respec-
tively) (Penner et al., 2009; Schurmann, 2013; Penner, 2014). As the
ruminal VFA production is concomitant with the high level of
protons released, the epithelial VFA absorption is related to the
transportation of protons or anions to regulate intraruminal pH
(G€abel et al., 2002), which can directly affect the microbial activ-
ities. Intraruminal dissociated VFA (VFA�) are exchanged with bi-
carbonate (HCO3

-) through the bicarbonate-dependent transporter
43
on the apical and basolateral membranes and transfer of HCO3
- into

the lumen to increase/maintain the intraruminal pH (Dengler et al.,
2014). Undissociated VFA are diffused passively through the
epithelial cell membrane and protons released from undissociated
VFA are exported to extracellular space to regulate intracellular pH
by Na/H exchanger (Penner, 2014). The absorbed acetate and pro-
pionate are utilized as energy sources or precursors for fatty acid
synthesis and gluconeogenesis, and most absorbed butyrate (95%)
is metabolized into ketone bodies like acetoacetate and D-3-
hydroxybutyrate in rumen epithelium, which are energy sources
for ruminants (G€abel et al., 2002).

Rumen epithelium also plays roles in transporting nutrients such
asammoniaandurea. In the rumen,microbesalsometabolizedietary
nitrogen sources and produce microbial proteins and ammonia as
end-products. Ammonia is then absorbed as lipophilic form (NH3) by
rumen epithelium through passive diffusion or ionized form (NH4

þ)
via putative potassium channels depending on the intraruminal pH
(Abdoun et al., 2006). Additionally, ammonia can be produced by
microbial degradation of recycled urea from saliva or rumen
epithelium. Urea can be produced in the liver as an end product of
nitrogen metabolism and then transferred into the rumen through
saliva, passive diffusion across the rumen epithelium, and urea
transporters on the apical and basal membranes of the rumen
epithelium (Getahun et al., 2019). The identified expression of urea
transporter genes (urea transporter-B1 [UT-B1] andurea transporter-
B2 [UT-B2]), and proteins in the rumen epithelium of sheep
(Ritzhauptet al.,1997,1998; Lu et al., 2014) and the existence ofUT-B1
and UT-B2 in the rumen epithelium of cattle (Marini and Van
Amburgh, 2003; Stewart et al., 2005) suggest that UT-driven urea
recycling can be one of the major mechanisms affecting rumen ni-
trogenmetabolism. In addition to UT-B, Røjen et al. (2011) identified
the expressions of aquaporins (AQP) 3, 7, and 10 genes, and their
protein abundance in Holstein cows. Walpole et al. (2015) identified
the role of UT-B and AQP in urea transport through the rumen
epithelium in vitro using chamber and rumen tissues from Holstein
calves. Lu et al. (2015) identified that ruminal VFA and acidic pH
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stimulate the expression of UT-B transporter and VFA receptors (G
protein-coupled receptor4 [GPR4] andGprotein-coupled receptor41
[GPR41]) of goat rumen epithelium. Furthermore, a high level of VFA
caused by non-fiber carbohydrate diet induced increase in rumen
microbial protein synthesis and decrease in urinal urea-N excretion
(Lu et al., 2019), suggesting that increase of UT-B transporter
expression induced by VFA may improve host nitrogen utilization
efficiency. However, further research is needed to reveal the exact
regulatory mechanisms of urea transporters and their relationship
with VFA metabolism. We suggest that the application of immuno-
cytochemistry with Western blot analysis would be helpful to un-
derstand how four rumen epithelial cell layers contribute to the urea
transport across the rumen epithelium.

In addition, the function of lipid absorption through the rumen
epithelium has been recently suggested by Zhao and colleagues
(Zhao et al., 2017). In the study, genes related to lipid metabolism
including lipid accumulation (fatty acid binding protein 4 [FABP4]),
transportation (ATP binding cassette subfamily A member 1
[ABCA1]), cholesterol synthesis (3-hydroxy-3-methylglutaryl CoA
synthase 1 [HMGCS1], 3-hydroxy-3-methylglutaryl CoA reductase
[HMGCR], and farnesyl diphosphate synthase [FDPS]), and tran-
scription factor (sterol regulatory element binding transcription
factor 2 [ SREBF2]) were differentially expressed in the rumen
epithelium of beef cattle during the dietary transition from high
forage to high grain and the variation of the expression of these
genes was related to the individual difference in intraruminal pH
shift in response to the dietary change. Also, Sun et al. (2021)
identified that a lamb group fed high concentrate diet (milk pow-
der with concentrate starter) up-regulated the expression genes
including fatty acid 2-hydroxylase (FA2H), tribbles pseudokinase 3
(TRIB3), 3-oxoacyl-ACP synthase, mitochondrial (OXSM), MLX
interacting protein like (MLXIPL), acyl-CoA thioesterase 7 (ACOT7),
podoplanin (PDPN), hydroxyacyl-CoA dehydrogenase (HADH), and
2,4-dienoyl-CoA reductase 2 (DECR2) and down-regulated the
expression of genes including phospholipase A2 group III (PLA2G3),
arachidonate lipoxygenase 3 (ALOXE3), 3-hydroxyacyl-CoA dehy-
dratase 1 (HACD1), and acyl-CoA synthetase medium chain family
member 1 (ACSM1) that involved in lipid transport and metabolism
compared to the lamb fed control diet (milk powder only). These
suggests that ruminal lipids derived from plants and microbes
could be absorbed across the rumen epithelium and utilized by the
epithelial cells for cell growth and proliferation. Although the
absorptive capacity of ruminal lipids through the rumen epithelium
might be important for maintaining rumen epithelial homeostasis,
there have been few studies about lipid metabolism in the rumen
epithelium highlighting the need to research area for comprehen-
sive knowledge on the rumen epithelial functions.

4. Rumen epithelium and cattle feed efficiency

Researchers have identified that there is significant animal-to-
animal variation in the growth rate and feed efficiency among an-
imals raised under similar conditions such as with the same breed
and age, and under the same diet and farm environment (Nkrumah
et al., 2006: 306 Continental � British hybrid steers; Bonilha et al.,
2017: 61 Nellore bulls; Elolimy et al., 2018: 149 Red Angus cattle). A
recent comprehensive review on the biological determinants of
feed efficiency summarizes that many factors including animals’
eating behavior, physical activity and digestibility, rumen micro-
biome and methane emission, energy metabolism at both cellular
and animal levels, protein turnover, body composition, and endo-
crine system can contribute to the animal-to-animal variation of
feed efficiency (Cantalapiedra-Hijar et al., 2018). Among these
factors, rumen-related factors such as feed digestion and absorp-
tion of nutrients can contribute significantly to feed efficiency,
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which has attracted much attention recently. As the VFA producers,
the rumen microbiome has been firstly reported to be associated
with cattle feed efficiency since 2008 (Guan et al., 2008) and other
studies have commonly reported that several rumen microbial taxa
belonged to the family Prevotellaceae, Lachnospiraceae, Rumino-
coccaceae were related with feed efficiency traits: average daily
gain (ADG), gain-to-feed ratio (G:F), or RFI (Myer et al., 2015; Li and
Guan (2017); Paz et al., 2018; Freetly et al., 2020; Lopes et al., 2021).
Furthermore, Li et al. (2019b) showed that there were 59 heritable
rumen microbial taxa (56 bacterial and 3 archaeal taxa) such as
Ruminococcus (h2 ¼ 0.16 ± 0.08), unclassified Clostridiales
(h2 ¼ 0.25 ± 0.09), and Methanobacterium (h2 ¼ 0.23 ± 0.08) and
some of heritable microbial features like Firmicutes-to-Bacter-
oidetes ratio, unclassified Clostridiales, unclassified Christense-
nellaceae and unclassified (Mogibacteriaceae) were strongly
correlated with feed efficiency traits (FCR, ADG, and dry matter
intake (DMI); not RFI or backfat-adjusted RFI [RFIf]). However,
many of these studies have focused on rumen digesta associated
microbiota and their functions in feed efficiency, and less attention
has paid to the rumen epithelium. Therefore, in this review, wewill
focus on the to-date findings of rumen epithelium and their func-
tions in cattle feed efficiency.

4.1. Rumen VFA absorption in cattle with different feed efficiency

As VFA are absorbed by the rumen epithelia, their absorption
capacity and efficiency can directly affect the ruminal pH, microbial
VFA production, and host energy metabolism. Guan et al. (2008)
reported that low RFI (high feed efficiency) steers had higher to-
tal VFA (P¼ 0.059; 96.74 vs. 55.35mmol/L) and butyrate (P < 0.001;
14.54 vs. 3.35 mmol/L) concentrations. However, such observations
in differences of VFA concentration between low and high RFI
groups were inconsistent among studies (Hernandez-Sanabria et
al., 2010, 2012; Fitzsimons et al., 2014; McDonnell et al., 2016;
Lage et al., 2020) which could be due to the lack of knowledge in
ruminal VFA absorptions as well as the difference in diet, age and
breed of animals as well as sample collection methods among
studies. It is important to be aware that ruminal VFA concentration
is the result of VFA production, absorption, washout, and inter-
conversion rate of VFA (Bedford et al., 2020). A recent study by Lam
et al. (2018) reported that cattle with high feed efficiency (low RFI
cattle) had no difference in intraruminal VFA concentration and
rumen weight while they had thicker rumen epithelium wall (136
vs. 126 mm) than cattle with low feed efficiency (high RFI cattle).
The thinner ruminal epithelial wall may allow better passive
nutrient absorption, providing more energy for host animals.
Future study on the rumen wall physical structure and its rela-
tionship with nutrient absorption and cattle feed efficiency is
warranted.

Recent studies have reported that the high VFA absorption rate
may compensate for the less dry matter intake of low RFI (feed
efficient) animals by facilitating rumen fermentation through the
fast removal of fermentation end-products (G€abel et al., 2002;
Elolimy et al., 2018). Indeed, Kong et al. (2016) found that the rumen
epithelium of low RFI steers (RFI¼�1.4 to�2.33 kg/d) had a higher
expression of genes involved in the remodeling of the epithelial
adherent junctions (dynamin 2 [DNM2], hepatocyte growth factor-
regulated tyrosine kinase substrate [HGS], actin beta [ACTB], tubulin
beta class I [TUBB], and tubulin alpha 4a [TUBA4A]), protein syn-
thesis (ubiquitin A-52 residue ribosomal protein fusion product 1
[UBA52], ribosomal protein L36 [RPL36], mitogen-activated protein
kinase 1 [MAPK1], ribosomal protein L18a [RPL18A], ribosomal
protein S15 [RPS15], ribosomal protein L10 [RPL10]), cytoskeletal
dynamics, cell growth, proliferation, apoptosis, and cell migration
(Ras homolog family member G [RHOG], cofilin 1 [CFL1], ACTB,
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myosin light chain 12B [MYL12B], G protein subunit beta 1 [GNB1],
G protein subunit beta 2 [GNB2], MAPK1) than those of high RFI
steers (RFI ¼ 1.32 to 3.23 kg/d) (Table 1). All these functions may
increase paracellular permeability allowing faster passive absorp-
tion of VFA. While there were no significant differences in
expression of genes involved in VFA absorption and metabolism in
Kong's study, Elolimy et al. (2018) reported that the rumen epithelia
of low RFI animals (RFI¼�2.69 ± 0.58 kg/d) had greater expression
of genes involved in VFA absorption (solute carrier family 16
member 3 [SLC16A3], solute carrier family 9 member A1 [SLC9A1],
and hypoxia-inducible factor 1 subunit alpha [HIF1A]), ketogenesis
(3-hydroxy-3-methylglutaryl CoA lyase [HMGCL], 3-hydroxy-3-
methylglutaryl CoA synthase 2 [HMGCS2], and 3-hydroxybutyrate
dehydrogenase 1 [BDH1]), and other metabolisms (lactate dehy-
drogenase A [LDHA] and peroxisome proliferator activated receptor
delta [PPARD]) compared to those of high RFI group
(RFI ¼ 3.08 ± 0.55 kg/d). The expression of monocarboxylate
transporter 4 (SLC16A3), chloride anion exchanger (solute carrier
family 26 member 3 [SLC26A3]), and HIF1A has been reported to be
stimulated by n-butyrate and hypoxia condition (Dengler et al.,
2015). These suggest that butyrate-producing and facultative epi-
mural associated microbes (defined as epimural microbiota and
will be discussed in detail in the later sections) could play a role in
epithelial VFA absorption via affecting the expression of these
transporters. The increased expression of genes involved in VFA
metabolism including ketogenesis (HMGCL, HMGCS2, and BDH1),
Table 1
Up-regulated genes of rumen epithelium in low RFI group compared to high RFI group.

Gene Metabolism

Dynamin 2 (DNM2) Remodeling of the epithelial
adherens junctions

Hepatocyte growth factor-regulated
tyrosine kinase substrate (HGS)

Remodeling of the epithelial
adherens junctions

Actin beta (ACTB) Remodeling of the epithelial
adherens junctions/Cell
migration

Tubulin, beta class 1 (TUBB5) Remodeling of the epithelial
adherens junctions

Tubulin alpha 4a (TUBA4A) Remodeling of the epithelial
adherens junctions

Ubiquitin A-52 residue ribosomal protein
fusion product 1 (UBA52)

Protein synthesis

Ribosomal protein L36 (RPL36) Protein synthesis
Mitogen-activated protein kinase 1

(MAPK1)
Protein synthesis/Cell
migration

Similar to rRibosomal protein L 18a,
ribosomal protein L18a (RPL18A)

Protein synthesis

Ribosomal protein S15 (RPS15) Protein synthesis
Ribosomal protein L10 (RPL10) Protein synthesis
Ras homolog family member G (RHOG) Cell migration
Cofilin 1 (non-muscle) (CFL1) Cell migration
Myosin light chain 12B (MYL12B) Cell migration
G protein subunit beta 1 (GNB1) Cell migration
G protein subunit beta 2 (GNB2) Cell migration
Monocarboxylate transporter 4 (SLC16A3) VFA absorption
Solute carrier family 9 member a1 (SLC9A1) VFA absorption
Hypoxia inducible factor 1 subunit alpha

(HIF1A)
VFA absorption

Hydroxymethylglutaryl-CoA lyase,
mitochondrial (HMGCL)

Ketogenesis

Hydroxymethylglutaryl-CoA synthase,
mitochondrial (HMGCS2)

Ketogenesis

D-beta-hydroxybutyrate dehydrogenase,
mitochondrial (BDH1)

Ketogenesis

Lactate dehydrogenase A (LDHA) Pyruvate metabolism
Peroxisome proliferator activated receptor

delta (PPARD)
Other metabolic pathways

RFI ¼ residual feed intake; VFA ¼ volatile fatty acids.
1 Fold change is gene expression in low RFI relative to high RFI.
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and lactate production through pyruvate derived from propionate
(Remond et al., 1995) (LDHA) in low RFI animals (Elolimy et al.,
2018), suggested that the rumen epithelium of cattle with high
feed efficiency are under the hypoxia condition. However, there are
very limited studies to understand rumen epithelial metabolism
and how hypoxia could affect its VFA absorptions.

Overall, although these 2 pilot studies on rumen epithelial
transcriptome (Kong et al., 2016; Elolimy et al., 2018) used animals
with different breeds and sex (Hereford x Angus, steers in Kong
et al., 2016 vs Red Angus, steers and heifers in Elolimy et al.,
2018), it is evident that genes related to VFA absorption through
passive transfer or transporters in the rumen epithelial tissues
expressed differently between high and low RFI animals, suggest-
ing the cattle with higher feed efficiency might have enhanced
nutrient absorptive capacity. Therefore, the difference in rumen
wall thickness, the passage rate together with the rumen micro-
biome all directly affect the VFA concentrations detected in the
rumen. Further research on VFA dynamics is needed to verify the
contribution of the VFA absorptive capacity of rumen epithelium in
cattle feed efficiency. Additionally, future rumen epithelial tran-
scriptome study for each of the four cell layers to understand
rumen epithelial function in relation to cell types is required. Each
cell layer might have different function and gene expression
pattern under different conditions (growth stage, diets, manage-
ment, and so on). Based on previous study (Graham and Simmons,
2005), we could speculate that the stratum basale layer mainly
Fold change1 Animal Reference

1.17 Hereford � Angus steers Kong et al. (2016)

1.26 Hereford � Angus steers

1.24 Hereford � Angus steers

1.28 Hereford � Angus steers

1.43 Hereford � Angus steers

1.24 Hereford � Angus steers

1.28 Hereford � Angus steers
1.30 Hereford � Angus steers

1.24 Hereford � Angus steers

1.29 Hereford � Angus steers
1.40 Hereford � Angus steers
1.39 Hereford � Angus steers
1.26 Hereford � Angus steers
e Hereford � Angus steers
1.18 Hereford � Angus steers
1.24 Hereford � Angus steers
1.13 Red Angus steers and heifers Elolimy et al. (2018)
1.01 Red Angus steers and heifers
1.01 Red Angus steers and heifers

1.09 Red Angus steers and heifers

1.17 Red Angus steers and heifers

1.06 Red Angus steers and heifers

1.06 Red Angus steers and heifers
1.08 Red Angus steers and heifers



S.W. Na and L.L. Guan Animal Nutrition 10 (2022) 41e53
expresses genes involved in nutrient transport and ketogenesis, on
the other hand, the stratum granulosum layer expresses genes
related with keratinization, cellecell junction, and microbe
interaction.

4.2. Rumen epithelial nitrogen metabolism in cattle with different
feed efficiency

Although there is no study yet reporting the rumen epithelial
functions in nitrogen metabolism and its relationship with feed
efficiency, a couple of recent studies showed a potential difference
in nitrogen metabolism in cattle is associated with the variation in
feed efficiency. For example, Asher et al. (2018) reported that the
longissimus muscles of low RFI calves had a higher protein/fat ratio
than that in high RFI calves, suggesting that there were differences
in nitrogen or energy metabolism related to protein and fat ac-
cretion in the muscle of cattle with different feed efficiency. In
addition, a researcher has reported that nitrogen excretion differed
between high and low RFI Murrah buffalo heifers and low RFI
heifers excreted less nitrogen in both urine and feces than high RFI
heifers (Sharma et al., 2018). Although no differences were found in
fecal and urine nitrogen excretion between Brahman steers with
high and low feed efficiency by Carmona et al. (2020), the authors
reported that efficient animals classified by residual gain excreted a
lower amount of nitrogen in both urine and feces (g/100 g N intake)
than inefficient animals. Based on these studies, it suggests that
overall nitrogen metabolism in cattle can affect feed efficiency. We
speculate that N recycling in the rumen system (both contents and
tissue) can directly affect the ruminal nitrogen metabolism like
microbial crude protein (MCP) production as well as epithelial
function. Although there have been a limited number of studies
related with nitrogen metabolism compared to carbohydrate
metabolism in the rumen, the presence of urea recycling and the
stimulation of urea transporter expression by ruminal VFA (Lu et al.,
2015) could suggest the importance of rumen nitrogen metabolism
and its balance with carbohydrate metabolism for feed efficiency in
ruminants. Therefore, future research on ruminal nitrogen meta-
bolism and feed efficiency is essential to understand the role of
carbohydrate and nitrogen metabolism balance (nutrient syn-
chronization) in cattle feed efficiency.

4.3. Systemic role of rumen epithelium in feed efficiency

In addition to VFA absorption and nitrogen metabolism, above
mentioned studies also revealed that the rumen epithelia of cattle
with high feed efficiency have more active tissue morphogenesis
and VFA metabolism (Kong et al., 2016; Elolimy et al., 2018; Lam
et al., 2018). The greater metabolic and functional activity of
rumen epithelium may produce more end-products like b-
hydroxybutyrate and acetoacetate and affect the expression of
endocrine molecules like insulin (Manns and Boda, 1967), insulin-
like growth factor-1 (IGF-1), and leptin (Kiani, 2013) in other tis-
sues and/or organs that improve the animal production systemi-
cally (Cantalapiedra-Hijar et al., 2018). Sun et al. (2018) identified
that the rumen epithelial tissue of lambs fed milk and starter feed
differentially expressed IGF-1 and IGF-1 receptor genes compared
to lambs fed milk. Stick et al. (1998) reported that serum IGF-1
concentration was associated with feed efficiency (G:F; P ¼ 0.04)
and Nascimento et al. (2015) showed that efficient Nellore cattle
had higher concentration of plasma insulin and IGF-1 rather than
inefficient cattle. In addition to the rumen epithelium (Lam et al.,
2018), small intestine (Montanholi et al., 2013), and liver
(Montanholi et al., 2017) of efficient animals had greater morpho-
genetic traits (nuclei number or area), suggesting that tissues of
efficient animals have greater metabolic and functional activity.
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Although greater metabolic activities in whole body tissues are
consistent with cellular energy-consuming processes (mitochon-
drial proton leakage, ion pumping, and protein turnover) and the
processes contribute a higher proportion (about 67%) to animal
feed efficiency variation (Richardson and Herd (2004);
Cantalapiedra-Hijar et al., 2018), the active morphogenesis and
metabolisms might be the reflection of more active anabolic pro-
cesses for animal growth. Future studies to understand the sys-
temic interaction between rumen epithelium and other organs are
vital to determine its systemic role in affecting feed efficiency.

5. Rumen epithelial microbiota (epimural microbiota) and
feed efficiency

Rumen is an important organ for ruminants where feed
fermentation occurs by rumen microbiota. The rumen microbes
ferment feed particles that animals can't degrade by their own
enzymes and provide fermentation products to the host ruminants.
Rumen microbiota are distinguished into three fractions according
to their location in the rumen: 1) liquid-associated microbiota, 2)
solid-associated microbiota, and 3) rumen epithelium-associated
or rumen epithelial microbiota. Rumen epithelial microbiota,
defined as epimural microbiota, are the microorganisms that
colonize on the rumen epithelium by attaching to the rumen
epithelial cells strongly or loosely. Although it has less than 1% of
the total rumen microbial population and low contribution to VFA
production (Sadet et al., 2007), they are the ones may directly
interact with host and their roles in contributing to rumen
epithelial functions can directly influence ruminant productivity. To
date, the role of epimural microbial community in ruminant
physiology has been underestimated and less studied compared to
the rumen liquid- and solid-associated microbiota.

With the development of high throughput sequencing, there
have been many studies to reveal the associations between rumen
microbiome and diet and feed fermentation (Henderson et al.,
2015; Furman et al., 2020), host genetics (Li et al., 2019b), rumen
health (Petri et al., 2013b), methane emission (Difford et al., 2018),
and feed efficiency (Li and Guan (2017)). It has been reported that
cattle with high feed efficiency have lower microbial diversity and
richness (Guan et al., 2008), a lower abundance of active bacterial
families of Lachnospiraceae, Lactobacillaceae, and Veillonellaceae
(Li and Guan (2017)), and a lower abundance of archaeal species of
Methanobrevibacter smithii (Carberry et al., 2014) in the rumen
contents compared to inefficient animals. However, there have
been a small number of rumen epimural microbiome studies (Jiao
et al., 2015; Mann et al., 2018) and most of them mainly related
to subacute ruminal acidosis (SARA) (Petri et al., 2013a, 2019; Liu
et al., 2015; McCann et al., 2016; Li et al., 2019a; Abbas et al.,
2020). To date, the role of epimural microbiome in cattle feed ef-
ficiency has not been reported.

5.1. Composition of epimural microbiota

The rumen epithelium allows the colonization of rumen
epithelial attached microbes (epimural microbiota) whose
composition and function have been studied since the 1960s
(Rahman and Decker,1966;Wallace et al., 1979). Epimuralmicrobes
attach to the rumen epithelial cells by their fimbriae, flagella, gly-
cocalyx, or other surface structures (McCowan et al., 1978; Semj�en
and G�alfi, 1990; Galfi et al., 1998; Klemm et al., 2010). Although the
bacteria, as the main members of epimural microbiota, have been
mostly studied, there have been several studies to identify epimural
archaeal, fungal, and protozoan communities (Ishaq et al., 2017;
Holman and Gzyl, 2019). The epimural bacterial community has a
greater variation in richness (a-diversity ShannoneWiener and
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Simpson indices) among individual animals compared to rumen
solid-associated and liquid-associated bacteria (De Mulder et al.
(2017); Anderson et al., 2021). Through a meta-analysis, Anderson
et al. (2021) identified the core epimural bacterial taxa from 17
different studies with phyla Firmicutes (41.8%), Proteobacteria
(20.0%), and Bacteroidetes (19.6%), and genera Campylobacter
(8.4%), Prevotella (6.0%), Christensenellaceae R-7 group (5.8%),
Butyrivibrio (5.4%), and a previously uncultured genus of the family
Neisseriaceae (3.7%) being dominant. From the same study, 2
archaeal taxa (Methanobrevibacter and Methanomethylophilaceae)
were also identified as the core members of the epimural micro-
biota in addition to bacteria. Although Ishaq et al. (2017) reported
the diversity and relative abundance of epimural fungal and pro-
tozoal communities, further studies are essential to determine
whether they are the true members of epimural community as
widely reported for the epimural bacteria and archaea. Future
studies are needed to study the eukaryotic microbes attached to the
rumen epithelium and to identify their functions and roles in
rumen function.

5.2. Function of epimural microbiota

The functions of epimural microbiota, especially for the epi-
mural bacteria, have been identified as follows: 1) tissue recycling,
2) urea hydrolysis, and 3) oxygen scavenging (Cheng et al., 1979).
McCowan et al. (1978) observed some of the epimural bacteria
could digest keratinized epithelial cells, suggesting they could
stimulate sequential removal of the keratinized epithelial cells and
stimulation of the formation of new keratinized cell layers in the
stratum corneum, leading to improved growth and absorptive ca-
pacity of the rumen epithelium. Moreover, the dead cells can be
used as microbial nutrients to enhance microbial growth and
subsequently feed digestion and fermentation (Cheng et al., 1979).
Therefore, tissue recycling by epimural microbiota might affect the
feed efficiency of animals by recycling the host-derived nutrients
and improving the cell turnover of the rumen epithelium. In
addition, epimural bacteria are known to be involved in urea
cycling. The degradation of urea is mainly induced by ureolytic
bacteria attached to the rumen epithelium or ureolytic bacteria
detached from the rumen epithelium and found in rumen fluid
(Wallace, 1979; Wallace et al., 1979). Wallace et al. (1979) showed
that epimural ureolytic bacteria can provide a normal range of
ureolytic activity and the urease activity of epimural bacteria reg-
ulates urea transport across the rumen epithelium affecting nitro-
gen recycling. It has been known that several rumen bacterial taxa
such asmembers in the genera of Actinomyces, Bacillus, Butyrivibrio,
Bifidobacterium, Haemophilus, Neisseria, Peptostreptococcus, Pre-
votella, Pseudomonas, Ruminococcus, Streptococcus, Succinivibrio,
Treponema, and unclassified Succinivibrionaceae had ureolytic ac-
tivity (Wozny et al., 1977; Barr et al., 1980; Jin et al., 2016). However,
future research is needed to identify if these ureolytic bacterial
species are derived from epimural bacterial community and
whether the ureolytic function of epimural microbes can affect feed
efficiency.

In addition to tissue recycling and urea digestion, the function of
oxygen scavenging by facultative epimural microbes might influ-
ence the feed efficiency of animals because maintaining the strict
anaerobic condition is essential for the digestion and fermentation
of feed by obligated anaerobes. Through the rumen epithelium,
oxygen might be diffused from host tissue to the luminal surface of
the rumen andmakes rumen epithelial surface a good environment
for facultative epimural anaerobes (Cheng et al., 1979; Mann et al.,
2018). Epimural bacterial community had a higher abundance of
Proteobacteria phylum inwhichmany facultative bacterial taxa like
Campylobacter than that in a ruminal content-associated bacterial
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community (Liu et al., 2016). Furthermore, Tan et al. (2021) iden-
tified that low RFI steers had a higher abundance of active Cam-
pylobacteraceae and Neisseriaceae which members belonged to
these 2 families are known to have oxygen scavenging function. We
speculate that oxygen scavenging microbes may affect not only
rumen fermentation but also rumen epithelial metabolisms by
hypoxia condition. It has been revealed that high grain feeding can
affect epimural bacteria and the resulting lower pH can cause the
lesion of epithelium. Some studies revealed that when animals
were under acidosis condition or fed concentrate diet the expres-
sion of genes involved in glutathione metabolism in rumen
epithelial tissue were increased (Gholizadeh et al., 2020; Sun et al.,
2021). Glutathione metabolism pathway is an antioxidant pathway
that detoxifies the oxygen-derived free radicals using glutathione
peroxidase and transferase enzymes (Gholizadeh et al., 2020).
Although it is unclear if oxygen scavenging function of epimural
microbes is related to glutathione metabolism of rumen epithelial
cells, we speculate that high concentrations of VFA derived from
rumen fermentation and rumen epithelial lesion can cause oxida-
tive stress and then glutathione metabolism may be activated
against the oxidative stress. Although the results of transcriptome
study with low and high RFI groups (Elolimy et al., 2018) did not
show DEGs involved in glutathione metabolism, the expression of
HIF1Awas up-regulated in lowRFI group (Kong et al., 2016). The up-
regulated expression of HIF1A can then induce expressions of genes
that promote cell survival during hypoxia. Furthermore,HIF1A has a
role in wound healing (Hong et al., 2014). Based on the references,
we can assume that oxygen scavenging or invasion of epimural
microbes into rumen epithelium may cause hypoxia condition by
removing oxygen or inducing injury in rumen epithelium, respec-
tively. In addition to facultative epimural microbes, the active
rumen epithelial metabolisms, as well as the thickness of the
rumen wall, might contribute to the hypoxia condition. Even
though the reasons why facultative anaerobes are abundant and
activated and their roles in feed efficiency have not been under-
stood, it's worth studying the role of oxygen scavengingmicrobes in
hypoxia and how it can affect the cattle feed efficiency in the future.

5.3. Interactions between epimural microbiota and host

The colonization of commensal microbes on the gut epithelium
activates gut innate and adaptive immune systems by affecting
cellular turnover and barrier function of the epithelium and pre-
vents the pathogen from penetrating the epithelium through the
protective barrier (Yoo et al., 2020). Compared to the studies in
human gut microbiota and intestinal immune system, there has
been limited research about the relationship between epimural
microbiota and rumen epithelial barrier and immune functions.

Recent study also suggested that epimural microbiota could play
a role in the rumen epithelial wall development and immune
functions (inflammation and barrier functions) through direct in-
teractions with the host (Malmuthuge et al., 2019; Lin et al., 2019).
VFA, especially butyrate and propionate, derived from microbial
fermentation may stimulate the growth of rumen epithelium
throughout indirect response of hormones like insulin, epidermal
growth factor, and IGF-1 (Diao et al., 2019). We speculate that some
epimural microbes can produce butyrate or propionate to affect the
growth of rumen papillae although the absolute concentrations of
VFA from epimural microbiota are lower than those produced from
rumen contents-associated microbiota. The increased papillae
length and/or surface area might increase the VFA absorption rate
and contribute to feed efficiency. In addition, Petri et al. (2019)
reported that the abundances of genera Alkalibaculum, Anaero-
rhabdus, Coprococcus, and Dethiobacter were positively correlated
to the expression of genes involved in pH regulation [solute carrier
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family 9 member A2 (SLC9A2; previous symbol: NHE2) and solute
carrier family 9 member A3 (SLC9A3; previous symbol: NHE3)] and
VFA transport [solute carrier family 16 member 1 (SLC16A1; alter-
native symbol: MCT1)], suggesting that epimural microbial com-
munity might interact with the rumen epithelial cells and affect the
rumen epithelial function through altering the gene expression.
However, how the epimural bacteria influence gene expression
needs further study.

Chen et al., 2012 reported that acidosis resistant cattle had
different epimural bacterial diversity and higher expressions of toll
like receptor 2 (TLR2) and toll like receptor 4 (TLR4) in the rumen
epithelia than those of acidosis susceptible cattle, suggesting that
susceptibility to SARA may be associated with the activated im-
munity of the epithelial tissue which is induced by epimural
microbiota. Activated immune systems of rumen epithelium might
reduce energy for the recovery from severe inflammation, which
eventually improve feed efficiency of host animals. Furthermore,
microbial products like lipopolysaccharide (LPS), and
microorganism-associated molecular patterns (MAMP) might
stimulate the expression of genes related to immune activity
(Garcia et al., 2017), although there have been few studies about LPS
and MAMP of epimural microbiota. Most Gram-negative produce
LPS as their cell membrane structure and also MAMP which are
virulence factors including outer membrane parts like peptidogly-
cans, lipopeptides, porins, flagellin, and bacterial DNA. These mi-
crobial factors can affect gut epithelial gene expression involved in
immunity and other metabolisms like cell proliferation (Garcia
et al., 2017). Rumen epithelial microbiota could also produce LPS
and MAMP and interact with the epithelial tissues. Therefore,
future research is needed to determine which kinds of LPS and
MAMPs epimural microbes have and whether they can be detected
or interact with rumen epithelial tissue receptors.

In summary, balanced composition of epimural microbial
community (commensal, pathogenic, VFA producing, and ureolytic
microbes) may influence feed efficiency by regulating rumen
epithelial functions. Unfortunately, interactions between epimural
microbiota and rumen epithelial cells have not been fully under-
stood yet due to the difficulty of the cultivation of epimural mi-
crobes and collection of epithelial samples to study their functional
changes temporally and spatially in vivo. Future studies on rumen
epithelium, epimural microbiota, and their interaction are essential
to identify the roles of rumen epithelium in cattle feed efficiency.

5.4. Research approaches/methods to study epimural microbiome

Methods to study epimural microbiota have evolved signifi-
cantly since the 1960s. The early studies identified the urease ac-
tivity of epimural bacteria (Rahman and Decker, 1966; Houpt and
Houpt, 1968). After 1970s, rumen wall-associated bacteria were
isolated to study their functions in ureolysis (Wallace et al., 1979),
oxygen scavenging (Mead and Jones, 1981), and digestion of dead
epithelial tissue (Dinsdale et al., 1980). In the 1990s, the adherence
assays using cultured rumen epithelial cells were developed to
validate the attachment and/or colonization of isolated bacterial
strains from rumen epithelium (Semj�en and G�alfi, 1990; Galfi et al.,
1998; �Styriak et al., 1992, 1994). Since the 2000s, 16S rDNA gene
amplicon sequencing method has been used for the identification
of epimural microbial profiles at the DNA level (to detect the
presence of the taxa) and at the cDNA/RNA level (to detect meta-
bolically active taxa). The amplicon sequencing of 16S rDNA
revealed that the rumen epimural bacterial community signifi-
cantly differs from digesta associated microbiota and the diversity
of epimural bacterial community was higher than that of digesta
associated microbiota in young and adult cattle (Li et al., 2012;
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Malmuthuge et al., 2014). Additionally, amplicon-seq based next-
generation sequencing techniques have been used to assess the
changes in epimural community in response to rumen develop-
ment (Jiao et al., 2015) high-grain diet (Liu et al., 2015; Wetzels
et al., 2015; Zhang et al., 2017), and locations within the rumen
(Sbardellati et al., 2020). Although the taxonomic composition of
epimural community has been widely studied using amplicon-seq
(also termed as metataxonomics), this approach could only obtain
information about the composition and diversity of epimural mi-
crobial community, which lacks the knowledge on their activity or
functions as well as how they are related to host function. Although
researchers have used PICRUSt (phylogenetic investigation of
communities by reconstruction of unobserved states) (Langille
et al., 2013) to predict gene abundance of rumen epimural micro-
biota (Zhang et al., 2017; Seddik et al., 2019), PICRUSt could only
predict the function based on 16S rRNA gene from known cultur-
able species. With only a small number of the rumen epithelial
bacterial being isolated and sequenced, such prediction can be
largely biased.

Nowadays, researchers started to study the rumen epimural
microbiome using the combined omics (metataxonomics, meta-
genomics, metatranscriptomics, and host transcriptomics) ap-
proaches. Recent attempts have been made to study the host-
epimural microbiota interaction metataxonomic analysis to
assess epimural bacterial community and transcriptomic analysis
of rumen epithelium, with the main focus on SARA pathogenesis
(Li et al., 2019a; Petri et al., 2018, 2019, 2020). During SARA, the
relative abundances of Olsenella, Desulfovibrio, and Fusobacterium
were significantly increased which were positively correlated with
the expression of genes involved in tissue remodeling (Li et al.,
2019a). Similarly, Petri et al. (2019) identified that the abun-
dances of Alkalibaculum, Anaerorhabdus, Coprococcus, and Dethio-
bacter were positively correlated with expressions of genes
involved in pH regulation (NHE2 and NHE3) and VFA absorption
(MCT1). In addition, Mann et al. (2018) firstly identified the met-
atranscriptome profile of epimural microbiome of Holstein cows
in response to SARA challenge using total RNA sequencing (5.9 M
reads/sample). This study was able to identify the highly
expressed microbial genes involved in energy, nitrogen, and car-
bohydrate metabolisms. Another recent study with a deeper total
RNA-seq (80M reads/sample) has allowed the identification of
active epimural bacteria and methanogen together with host
transcriptome and revealed the difference between high and low
RFI steers (Tan et al., 2021). However, these studies only reported
the correlations, and the causal relationships between epimural
bacteria and host gene expression have not been identified.
Further studies at the protein expression level would be essential
to know how interaction between rumen epithelium and epi-
mural microbiota can affect host feed efficiency. Also, rumen
morphological and physiological studies should be done to iden-
tify the effect of rumen and papillae size on VFA absorption and
feed efficiency.

There have been several challenges on epimural microbiome
research as most of the studies to date: 1) had small population
sizes; 2) with different experimental factors (species, diet, age,
geographic regions) which does not allow the metanalysis; 3) with
different sampling time, and rumen locations; 4) applied
sequencing approaches and analytical methods; 5) result variation
between individual animals; and 6) identified a large number of
unidentified microbes. To achieve a comprehensive understanding
of epimural community, future studies with uniformed methods
and factors should be considered together with the efforts that
should be made on culturomics to identify previously uncultured
epimural microbes.
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6. Future directions to study epithelial host-microbe
interactions for improving feed efficiency

Despite the development of technologies, it has been difficult to
study the epimural microbiota and epimural host-microbe in-
teractions because of several limitations including its lowmicrobial
density, difficulty in sampling tissue, high animal expense (diffi-
culty in using gnotobiotic animals), and difficulty in separating
epimural microbes from the host epithelium in addition to the
above-mentioned challenges. Future research from various aspects
is needed to elucidate the regulatory mechanisms of host-microbe
interactions in the rumen epithelia for the development of novel
strategies to improve rumen function as a whole (Fig. 2).

Firstly, the adherence of epimural microbiota to rumen epithelial
cells makes it hard to separate from the host. To detach epimural
microbes from rumen epithelium, several proteases or chemicals
which destroy the various types of bacterial adherence are needed.
Using the new technologies, researchers can do culture-dependent
experiments with the isolated epimural microbial species which
might be involved in host-microbe interaction and discuss host-
microbe interaction in more depth with their potential mechanisms.

Secondly, lots of epimural microbial species have not been iso-
lated and characterized yet so it is hard to interpret the results of
epimural microbial profile based on the widely used marker
amplicon sequencing. Many researchers in rumen microbiology
have tried to identify novel rumen microbes and accumulate their
reference genomes through the projects like Hungate 1,000 project
to fulfill the lack of rumenmicrobial collection (Creevey et al., 2014;
Stewart et al., 2019). Also, culture-dependent studies are needed to
understand rumen epithelial host-microbe interactions. To date,
only a few recent studies have identified novel rumen bacteria from
the rumen epithelium (Hong et al., 2020; Na et al., 2021), and
continuous efforts to isolate novel epimural microbes are essential
for epimural microbiome study.

Thirdly, although the recent molecular methods such as genome
and transcriptome sequencing have allowed the characterization of
Fig. 2. Future directions of epithelial host-microbe interaction stud
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unculturable microbes and host gene expression, there are several
difficulties to study rumen epithelial host-microbe interactions.
Standard short-read amplicon sequencing like the Illumina plat-
form can provide limited information about microbial taxonomy
beyond genus level and different members within the same genus
can have very different functions. Recently developed long-read
amplicon sequencing technologies might provide microbial taxo-
nomic information at species level or even strain level (Callahan
et al., 2021; Karst et al., 2021) that can provide insights into the
real functions of each taxon in the epimural microbiota.

Fourthly, methods are lacking to study rumen epithelial func-
tion spatially and temporally in vivo. The rumen is large in volume
with an average size of 70 to 100 L (Bickhart andWeimer, 2018) and
spatially distinguished as several sacs like ventral sac, dorsal sac,
and cranial sac, suggesting that each location of rumen may have
different physiological conditions influenced by host physiology
and rumen contents (McCowan et al., 1980; Sbardellati et al., 2020).
Although Sbardellati et al. (2020) identified that there were dif-
ferences in epimural microbial profile among four ruminal loca-
tions, it is unclear whether this contributes to the spatial function of
rumen epithelium and epimural microbiota. Recently, the isolation
of rumen epithelial cells has become a useful tool to identify rumen
epithelial metabolisms like an immune response (Zhan et al., 2019;
Reisinger et al., 2021). Co-culture of epimural bacteria with rumen
epithelial cells might be a valuable model to study rumen epithelial
host-microbe interactions. However, the co-culture system should
maintain anaerobic conditions on the apical side and aerobic con-
ditions on the basal membrane of rumen epithelial cells (Sasaki
et al., 2020). Furthermore, organoids, multicellular in vitro culture
systems, have been developed for monogastric animals (Duque-
Correa et al., 2020; Lee et al., 2021) which might be used to
replace isolated rumen epithelial cell culture systems in the future.

Fifthly, although transcriptome profiling of both epimural
microbiota and rumen epitheliummight help to elucidate the host-
microbe interaction mechanisms related with feed efficiency. There
have been recent efforts to apply transcriptomic methods to
y for improving feed efficiency (Created with BioRender.com).

http://BioRender.com


S.W. Na and L.L. Guan Animal Nutrition 10 (2022) 41e53
epimural microbial study (Mann et al., 2018; Tan et al., 2021) but
the methodology has not been fully developed yet because the
separation of epimural microbial transcriptome from host tran-
scriptome. Recently, single cell RNA-seq has been applied to study
functions of different cell types under the various conditions,
especially diseased status (Vijay et al., 2020). However, no study yet
has applied suchmethod to study host and epimural microbial cells
and this could be difficult due to their tight attachment and a large
number of rumen epithelial cells. Furthermore, the separation of
each rumen epithelial layer might be helpful to understand rumen
epithelial function deeply because the four layers of stratified
squamous structure have their own characteristics after differen-
tiation. To overcome such limitations, developing methods for
degrading cellecell junction between rumen epithelial cells and
host-microbial attachment should be essential. Additionally, tran-
scriptome studies with the newly developed coculture systems
might solve the problem by controlling the number of epimural
microbes or rumen epithelial cells. In addition, using microbiome
DNA enrichment kits could increase the sequencing depth of epi-
mural samples, and developing epimural microbiome-specific
bioinformatics pipeline by clustering dominant and specific tax-
onomy in epimural microbial community could improve the speed
and accuracy of analysis for epimural microbiome study.

Lastly, another limitation of epimural host-microbe interaction
study is a lack of methods to determine a causal relationship. Omics
technologies enable us to understand comprehensive aspects of the
epimural community, but the absence of mechanisms hides the
causal relationship between host-epimural microbe interactions.
To identify mechanisms of host-microbe interaction or microbial
metabolisms, culture-dependent methods with single microbe and
application of genetic technologies like gene knock-out are essen-
tial for epimural microbiota study.

7. Conclusion

In summary, recent studies have identified that gut epithelium
is not just an absorptive organ but also a functional mediator be-
tween gut microbiota and host animals, which can regulate gut
homeostasis through the crosstalk with gut microbiota and im-
mune systems (protective barrier, innate and adaptive epithelial
immunity). Research on rumen epithelial host-microbe in-
teractions in coincide with ruminant intestinal studies highlights
their important roles in rumen homeostasis and functions. Future
research is needed to understand rumen epithelial host-microbe
interactions and identify the role of epimural microbiota in rumi-
nant feed efficiency. Moreover, rumen epithelial host-microbe
interaction research might provide new insights to the host-
microbe interaction in not only gut but also other tissues like skin
due to its unique structure and function.
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