Microbial Ecology
https://doi.org/10.1007/s00248-018-1234-9

HOST MICROBE INTERACTIONS

Altering the Gut Microbiome of Cattle: Considerations
of Host-Microbiome Interactions for Persistent
Microbiome Manipulation
Brooke A. Clemmons 1 & Brynn H. Voy 1 & Phillip R. Myer 1
Received: 18 September 2017 / Accepted: 16 July 2018
# Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
The beef cattle industry represents a significant portion of the USA’s agricultural sect, with beef cattle accounting for the most red
meat consumed in the USA. Feed represents the largest input cost in the beef industry, accounting for approximately 70% of total
input cost. Given that, novel methods need to be employed to optimize feed efficiency in cattle to reduce monetary cost as well as
environmental cost associated with livestock industries, such as methane production and nitrogen release into the environment.
The rumen microbiome contributes to feed efficiency by breaking down low-quality feedstuffs into energy substrates that can
subsequently be utilized by the host animal. Attempts to manipulate the rumen microbiome have been met with mixed success,
though persistent changes have not yet been achieved beyond changing diet. Recent technological advances have made analyzing
host-wide effects of the rumen microbiome possible, as well as provided finer resolution of those effects. This manuscript reviews
contributing factors to the rumen microbiome establishment or re-establishment following rumen microbiome perturbation, as
well as host-microbiome interactions that may be responsible for possible host specificity of the rumen microbiome.
Understanding and accounting for the variety of factors contributing to rumen microbiome establishment or re-establishment
in cattle will ultimately lead to identification of biomarkers of feed efficiency that will result in improved selection criteria, as well
as aid to determine methods for persistent microbiome manipulation to optimize production phenotypes.
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Introduction
With feed costs representing greater than half of the total cost
of production in the beef cattle industry in the USA, novel
methods to improve feed efficiency and nutrient utilization
in cattle are becoming increasingly critical [1]. Additionally,
agriculture represents one of the largest anthropomorphic producers of greenhouse gas emissions globally, with cattle
representing the largest portion of livestock methane emissions [2]. Methane production alone is estimated to reduce
feed efficiency by 2 to 12%, shunting potential carbon sources
for the host to methane emissions [3–5]. Increasing efficiency
in the beef cattle industry will not only reduce greenhouse gas
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emissions and reduce natural resources required to meet expected animal protein needs but will also decrease input costs.
The rumen microbiome is responsible for the successful
breakdown of low-quality feedstuffs into usable energy for
ruminants, providing approximately 70% of energy to the host
animal [6]. Spanning several kingdoms, including Bacteria,
Archaea, Protozoa, and Fungi, the rumen microbial ecosystem
fulfills several functional niches, including proteolytic,
fibrolytic, and lipolytic functions. Following the degradation
of forages or concentrates, a number of metabolites are produced and released, including volatile fatty acids (VFA),
biohydrogenated lipids, and other metabolites. These microbes also provide microbial crude protein (MCP), an important source of protein in the ruminant. The metabolites produced are either absorbed across the rumen epithelium or in
the lower gastrointestinal tract and can then enter the bloodstream to be available to the host [7–9].
Divergences in rumen microbial communities are associated with a number of host phenotypes, including feed efficiency [10], diseased states [11], and methane emissions [12].
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Rumen microbes produce glucogenic, lipogenic, and
aminogenic precursors that partake in or regulate energy metabolism in cattle [13]. Differences in relative abundances of
different microbial populations have been associated with
varying levels of methane emissions in the rumen of goats
and sheep [12], whereas other phenotypes, such as feed efficiency, have been associated with differences in composition
of bacterial and archaeal communities [10, 14]. Differences in
microbial communities can also affect the metabolic profile of
ruminants as well [15–17]. The listed functions are just a small
portion of the functional capacities possessed by microbes and
illustrate the importance of these microbes within the context
of ruminant physiology and health.
Although the importance of the rumen microbiome is wellestablished, attempts to manipulate the microbiome to improve cattle production have not been met with long-term
success [18]. Antibiotics, probiotics, feed additives, and other
methods of disrupting the microbial ecosystem of the rumen
can provide targeted, immediate, and acute alterations to the
rumen microbial profile, but no significant, persistent changes
have been achieved to the microbial community composition
[19–22]. These studies suggest that there is some degree of
host specificity or regulation mechanism dictating the gut
microbiome in ruminants. Understanding the mechanisms
dictating establishment, or re-establishment, of the rumen
microbiome will provide necessary information in order to
effectively provide persistent, long-lasting changes that increase production and feed efficiency. Currently, much of
the research has been conducted on the re-establishment of
the rumen microbiome following perturbation; however, understanding the mechanisms dictating establishment (i.e., colonization) of the rumen microbiome will ultimately provide
researchers and producers with novel selection criteria. The
present review focuses on existing knowledge affecting
microbiome establishment, host-microbiome interactions affecting community establishment and composition, as well as
the physiological implications resulting from rumen
microbiome activity, in an ultimate effort to identify necessary
methods and advances to effectively manipulate the rumen
microbiome long-term for lasting production outcomes.
Figure 1 provides a brief outline of this review, as well as
prospective areas of research.

The Average State of the Rumen Microbiome
The rumen microbiome is a diverse ecosystem, possessing
many functional and phylogenetically differences. Bacteria
in the rumen account for approximately half of the microbial genetic material, followed closely by protozoa, and
fungi (~ 2%) and methanogenic Archaea (2–4%) account
for the remaining microbial abundances [23]. Bacteria are
the most well-studied of the rumen microbiota due to their

diversity, both functional and phylogenetic, and ease of
analysis. Rumen bacteria have had a rich history of
culture-based research, even though the majority are still
non-culturable [24], providing longer history of analysis
and more information than other microbes. Robert
Hungate pioneered the field of ruminant microbiology in
the 1960s and characterized his findings [13] using
culture-based methods. Since the Hungate era, new sequencing technologies have allowed expansion of
Hungate’s and his colleagues’ research, starting first with
bacteria, primarily due to the greater knowledgebase available from bacteria.
Firmicutes and Bacteroidetes are the dominant bacterial
phyla in the rumen of cattle. Firmicutes are typically greatest
in relative abundance in predominantly forage-based diet,
whereas Bacteroidetes are usually more abundant in diets
consisting primarily of concentrate [25, 26]. Firmicutes and
Bacteroidetes are then typically succeeded in abundance by
Proteobacteria, Tenericutes, and Actinobacteria [27]. At the
genus level, Prevotella are most common, potentially due to
the wide range of functional capacities of species within
Prevotella [28, 29]. Currently, there is no known Bnormal^
rumen microbiome, though core microbiota have been found
across species, diet, and geographical locations [30]. Given
this, the rumen microbiome is typically examined under specific conditions, such as diet, production stage, or illness [11,
27, 31–33]. What is normal on one diet or in one situation may
not be normal in another. Therefore, discussed subsequently
are some of the largely known factors affecting microbiome
establishment in ruminants.

Factors Affecting Microbiome Establishment
in Ruminants
Diet
Diet is the greatest known external influence on the composition of the rumen microbiome in ruminants [18]. Researchers
in one study collected 742 samples of the rumen content of 32
ruminant species as well as gut content of species whose gastrointestinal systems were similar to that of a ruminant from
35 countries around the world and found that, though animalto-animal rumen microbiome varied greatly, diet was the largest factor affecting microbial community composition [18].
Though inter-animal variation is high across most studies, diet
had a significant effect on the rumen microbiota. However,
these changes have been mainly conducted on bacterial communities and methanogenic archaeal communities.
During transitioning periods in which cattle are moved
from a predominantly forage-based diet to a high-grain diet,
large changes are seen in the relative abundances of the
bacteriome. In a study conducted by Fernando et al. (2010),
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Fig. 1 Overview of research presented as well as potential areas of research to address contributing factors of rumen microbiome establishment

the transition from a hay-based diet to a high-grain diet (80%
grain) resulted in several changes to the bacteriome, including
changes in the Firmicutes-to-Bacteroidetes ratio, decreased
fibrolytic bacteria such as Fibrobacteres, and increased species from Prevotella, among others. These changes have also
been demonstrated in other studies [11]. The ratio of
Firmicutes to Bacteroidetes in particular has been linked with
other phenotypic traits, namely in adipose metabolism [31, 34,
35]. Abundances of Bacteroidetes and Proteobacteria species
increased as grain became a greater percentage of the diet,
which may be more effective at fermenting the readily digestible carbohydrates present in grain-based diets [25], and may
be more tolerant of the lower pH that occurs when greater
amounts of VFA and lactic acid are produced [36].
Certain species have been associated with grain-based diets, such as Streptococcus bovis. S. bovis is a lactateproducing bacterium that thrives at lower pH that often accompanies high-grain, rapidly fermentable diets. Enzymes
produced by S. bovis function optimally at a pH ranging from
5 to 6, which characteristically occurs in the rumen of animals
consuming high-grain diets [37]. During transition to highgrain diets, 67-fold increases in S. bovis have been observed
[38]. Furthermore, other lactate-producing bacteria, such as
Lactobacillus spp., also increase in abundance in the rumen
on high-grain diets [39], further contributing to accumulation
of lactic acid and reduction of ruminal pH.
Although some microbes tend to be diet-specific with regard to great shifts in relative abundance, others are present,

regardless of external factors. Members of Prevotella are
among the most common microbes in the rumen, regardless
of diet [30]. This persistence among diets is also supported by
their abundance in the rumen, as Prevotella account for as
much as 60% of the total bacterial populations in the rumen
[28]. Examining this large and diverse genus of bacteria,
Bekele et al. (2010) analyzed the effect of diet on the populations of ruminal Prevotella species using DGGE. Differences
were observed between diets in targeted bacterial populations;
however, unidentified species within Prevotella were similar
between diets [40]. This may suggest that Prevotella, particularly uncultured members, possess great functional diversity.
Indeed, species within Prevotella display a wide variety of
functions, including cellulolytic, amylolytic, and fibrolytic activities [29, 40]. This great functional diversity in the rumen
warrants further interrogation of those microbiota in order to
further define the multi-faceted role of Prevotella in context of
the rumen microbiome.
Diet can also influence the overall α- and β-diversity of the
rumen microbiota. In a study conducted by Pitta et al. (2010),
bacterial α-diversity decreased when animals were switched
from a bermudagrass to a winter wheat diet, as measured by
Shannon and Chao1 [41]. Principle component analyses also
illustrated very distinct bacterial community composition
based on diet [41]. Some of the same changes seen in shifting
from one forage type to another were also some of the same
trends observed in transition from forage to grain diets [25, 38,
41, 42] as well as other forage to forage diets [43]. In mice,
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humans, and other monogastric species, differences in αdiversity have been associated with divergences in host
phenotype, such as diseased states. Particularly, variation
in bacterial diversity has been associated with energy utilization in humans and mice. In a study conducted by
Turnbaugh and others (2009), decreased bacterial diversity
of the lower gut was associated with obesity in human
twins [34], a trend that has also been observed in mice
[44]. While the relationship between energy utilization
and the diversity of rumen microbial communities is still
not entirely understood, research completed in other species suggest that microbial diversity may influence feed
efficiency in ruminants as well.
Methanogenic archaea account for approximately 2–4% of
the total microbial genetic material [23]. Methanogenic archaea are the primary cause of methane production in ruminants, and modulating their ruminal populations and/or functionality is of particular interest in the research community
given that livestock contribute to 10–12% of anthropogenic
greenhouse gas emissions [45]. Additionally, it is estimated
that methane production results in a 2–12% reduction in feed
efficiency in cattle [3]. Given the possible negative implications of methanogenic archaea in overall ruminant production,
understanding their role in the rumen microbiome and contributions to ruminant physiology is fundamental to improving
feed efficiency and reducing global methane production.
Changes occur in methanogenic archaeal communities as
the result of differences in diet. Zhou and colleagues conducted a study in which animals were placed on low energy (LE)
or high energy (HE) diets and stratified by residual feed intake
(RFI) [46]. Several distinct differences were found between
the LE and HE diets. Diversity of methanogenic species was
greater in LE diet compared to the HE diet, which has been
found in other studies in sheep [47]. Additionally, in a separate
study, bulls fed fiber-based diet had greater α-diversity of
methanogenic species than those fed a starch-based diet
[48]. Fiber-based diets may present a wider range of substrates
for methanogens, leading to greater diversity of archaeal communities. Furthermore, methane production is greater in animals on forage-based diets, which may be the result of the
greater diversity of the rumen archaeal communities that occurs in predominantly forage diets. However, methane production on forage-based diets is also a function of the increased acetate/propionate ratio that is common on foragebased diets, as acetate is tightly linked to methanogenesis [3,
49, 50].
Certain species, such as Methanobrevibacter gottschalkii,
were found only in LE diet samples, whereas certain strains of
Methanobrevibacter sp. AbM4 and Methanobrevibacter
smithii were only observed in the HE diet samples [46].
However, while different species were found to be associated
with diet or the other, no differences were observed in total
methanogens [46]. This conflicts with a study conducted by

Wallace et al. (2015), in which archaea were present in greater
abundance in a medium grain diet compared to a high-grain
diet [51]. Diet may not be the greatest influence of methanogenic archaeal communities because they use secondary resources, such as hydrogen, as their main source of energy.
This may cause them to be more closely dictated by the populations of other microbes in the rumen, which are themselves
affected by feed [51]. Thus, archaeal communities may be
indirectly affected by feed more so than directly affect by it,
as is the case for bacteria and protozoa.
Protozoa and fungi are also important participators the rumen microbial ecosystem, though fewer studies have been
conducted to interrogate the relationship between their populations and the diet. Protozoal populations may follow some of
the same trends as are seen in bacterial populations when
animals are moved to a grain-based diet from a diet primarily
made up of forage. In a study conducted by Hristov and colleagues in 2001, increased grain resulted in decreased total
protozoa [52]. Several protozoal populations were lower in
the high concentrate (barley) diet and several genera were
present in medium concentrate but not in high concentrate,
including Eudiplodinium, Dasytricha, Diplodinium,
Metadinium, Ophryoscolex, and Ostracodinium [52], which
has been supported by other studies that have demonstrated
that protozoal numbers peaked with diets consisting of 40 to
60% concentrate [53]. A study conducted by Franzolin and
Dehority (1996) analyzed the long-term effects of a concentrate compared to forage-based diet. When the steers were fed
a diet of 75% concentrate, total abundance of protozoa increased compared to the forage-based diet [54], but the 50%
concentrate diet did not have any differences in protozoal
numbers compared to either the forage-based or 75% concentrate diets. In that study, Diplodiniinae decreased when steers
were transitioned from a 50% to a 75% concentrate diet [54], a
similar trend as was found in the study conducted by Hristov
et al. [52]. Although protozoal populations do change in response to diet changes, particularly in high-grain diets, they
may be less flexible and resist change when compared to
bacteria.
Rumen fungi are the least characterized and understood
rumen microbe. The fungal populations of the rumen are superior in their ability to break down more fibrous materials
that may be difficult for other microbes to break down, possibly because they are more effective at penetrating tough plant
walls [55, 56]. Grenet and colleagues demonstrated that fungi
selectively chose Bstemmy forages^ more frequently than other substrates and were absent entirely from grains [57]. Rumen
fungi are very sensitive to pH [58], which can drop rapidly due
to digestion of readily fermentable carbohydrates in grain.
Grain particles may also be too small for the fungi to adequately attach [57, 59]. Fungi have also been found to favor older
plants with thicker cell walls compared to young, more readily
digestible forages, likely due to difficulty attached to the thin
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cell wall [57]. Overall, fungal populations seem to thrive on
thicker-walled forages and survive poorly in high-grain diets.

Feed Additives
Feed additives are also used to manipulate host phenotypes as
well as the rumen microbiome. Producers use feed additives to
alter host phenotypes which can inadvertently alter the rumen
microbial community profile. Moreover, additives can also be
used to directly alter the rumen microbiota to manipulate the
host phenotype. Commonly used feed additives including antimicrobials, supplements, and probiotics have been used to
alter the rumen microbiota and/or host physiology. These different feed additives function in a variety of ways to improve
ruminant feed efficiency or alter host phenotypes.
Antimicrobials have been used in animal agriculture for
decades. Antimicrobials can be used to decrease infections,
but typically when antimicrobials are used as feed additives,
they target specific microbial populations in order to decrease
a defined population of microbes that may contribute to adverse effects, such as sharp decreases in pH due to ruminal
acidosis. One major antimicrobial used in cattle production is
monensin. Monensin is an ionophore that disrupts ion flux
across microbial membranes and causes cell death [60]. In
ruminant systems, monensin, in part, is used to limit the effects of ruminal acidosis, namely decrease the negative effects of sharp decreases in pH following the introduction of
a high-grain or concentrate diet with little time for microbes
to adapt to the change. Monensin has also been demonstrated to improve feed efficiency and reduce methane emissions. Monensin interferes with intracellular protein transport, disrupting ion exchange across the cell membrane.
When monensin is added to the ruminant diet, it disrupts
production of VFA and lactate [60]. A previous study found
that steers on a backgrounding diet that were also fed
monensin gained weight at the same rate as steers not fed
monensin but required significantly less feed than the control [61]. Another study also found that monensin decreased
methanogenic archaea as well as methane production and
dry matter intake [62]. These changes, which led to improvements in host phenotype, also altered the rumen
microbiome. However, while use of antimicrobials can lead
to improvements in host phenotype via alterations in the
rumen microbiota, these changes are often short-lived and
do not produce long-lasting modifications.
Non-nutritive supplements, such as essential oils, saponins,
and tannins, can be added to the diet to modify not only the
rumen microbial community structure but also host phenotype, such as feed efficiency. Some oils are used as an alternative to antibiotics because some long-chain fatty acids are
toxic to the rumen microbes. Many of the oils act through
disruption of the cell membrane, which allows for leakage of
ions across the cell membrane [63–65]. Some of the non-

nutritive supplements may also act as cation and proton transmembrane carriers, further disrupting the ion balance within
the cell [66]. Additional potential modes of action are
reviewed by Calsamiglia et al. [67]. Non-nutritive supplements that possess antimicrobial properties may be a desirable
alternative to antibiotics given the negative public perception
of antibiotics and of growing global antibiotic resistance.
These non-nutritive supplements are of plant-based origin
and thus may provide a more Bnatural^ method for manipulating the rumen microbiome to improve desirable phenotypes
and reduce negative aspects of livestock agriculture, such as
methane production.
Essential oils have been used as alternatives to antibiotics,
such as ionophores, to reduce methane production; however,
success in reduction of methane production has been mixed.
Macheboeuf et al. (2008) performed in vitro analysis of several essential oils on rumen fermentation and methanogenesis
using increasing doses of essential oils to measure dose response [68]. Although essential oils reduced gas production
up to 48% compared to control samples, many of the doses
that resulted in decreased gas production also reduced in total
VFA production, which may negate the positive results of gas
production reduction [68]. However, in vivo, these results are
often not observed. In a study examining the effects of supplementary oils on the microbial communities in the rumen
compared to monensin, the addition of essential oils did not
change methane production or archaeal communities compared to monensin but did result in decreased rumen fungal
abundances [62], indicating that it may not provide significant
enough changes to impact the rumen microbiome as well as
production. Beauchemin and McGinn (2006) conducted a
study to analyze the effect of essential oils on ruminal fermentation parameters and methane production [69]. Essential oils
did not modify ruminal fermentation characteristics as measured by VFA concentrations, nor did essential oil supplementation affect methane production [69]. Utilization of essential
oils as an alternative means of reducing methanogenesis may
not be a viable option, but further analysis must be conducted.
Another supplement that has been of growing interest is the
use of dried distillers grains (DDG). A previous study measured changes in bacterial communities following supplementation with different levels of DDG. The ratio of Firmicutes to
Bacteroidetes changed with 25 and 50% DDG, with lower
abundances of Firmicutes compared to Bacteroidetes [70].
These changes also resulted in decreased rumen pH [70].
These changes may have occurred due to the increased readily
digestible starch content, which typically results in increased
Bacteroidetes. Members of the phylum Bacteroidetes possess
more amylolytic capabilities, whereas Firmicutes in the rumen
possess predominantly fibrolytic abilities [71]. Changes to the
rumen microbiome caused by supplementation are important
as they can influence rate of digestion, available nutrients, and
other physiological factors. However, the persistent effects of
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supplementation on the rumen microbiome and subsequent
physiological changes are still relatively unknown.
Probiotics are a growing area of interest of late. Probiotics,
or direct-fed microbials (DFM), are live microbes that are
added to the diet to modulate digestion, fermentation, or the
microbial community composition. Yeast, particularly
Saccharomyces cerevisiae, as well as other fungi have been
one of the most widely used and studied probiotics.
Supplementation with fungi, such as Aspergillus oryzae, resulted in increased bacterial concentrations, particularly those
associated with fibrolytic activities [72]. In addition to changes to the bacterial populations, supplementation with A.
oryzae also changed physiological parameters, including increases in ruminal volatile fatty acids and the animals weaned
earlier [72]. Studies using S. cerevisiae also resulted in some
of the same trends [73]. However, probiotic used has yielded
mixed or inconsistent results [74]. Regardless of whether
yeast use is successful or not, its use does not result in longterm changes to the rumen microbiome nor effects on efficiency. Other probiotics have also been used, such as inoculations
from other ruminants. Repeated inoculation in beef heifers
from bison rumen content resulted in changes to the rumen
bacterial and protozoal abundances, which translated to
changes of passage rate, chewing activity, and fermentation
[75]. Bison inoculations resulted in increased α-diversity
(Chao1, Shannon), as well as β-diversity [75]. However, in
this study, effects were not measured long-term, and thus it has
not been determined if repeated inoculation would result in
permanent restructuring of the rumen microbiome. As is the
case with antibiotic use, probiotics seem to have potentially
desired effects on the rumen microbiota with regard to production as well as host physiology; however, results have also
been mixed, and extended or permanent effects of probiotic
use have not been observed.

Weaning and Weaning Age
Weaning is a time of significant change for beef cattle. In most
beef cattle operations, calves are kept with the dam for approximately 7 to 8 months, whereas in dairy systems, calves are
typically removed from the dam within 48 h. Even prior to
weaning, and regardless of diet, there is a succession of bacterial communities over time in pre-ruminant calves [76],
which has been supported by other studies [77–79].
However, at weaning, changes in microbial community composition, in part, are due to host physiological changes but also
likely due to the introduction of solid feeds because diet is a
large driver of microbial community composition and modulation [18, 76, 77]. Rey and colleagues (2014) analyzed the
succession of bacteria in dairy calves. In the first several days
of birth, the reticulorumen was dominated by anaerobic,
lactose-consuming bacteria, primarily from the phylum
Proteobacteria [77]. However, once solid feed was introduced

at day 4 following birth, abundances of Bacteroidetes increased significantly [77]. At the genus level, many microbes
of interest and importance in adults also changed in their relative abundance. Abundances of Prevotella quadrupled, rising
from a mean abundance of approximately 11% to over 40%
[77]. Pasteurella, however, decreased following introduction
of a solid diet and was non-detectable following 3 weeks of
age [77]. The shifts in bacterial abundances demonstrate the
respective shift in bacterial functions in the rumen likely as a
result of diet modification, rumen development, and overall
fermentative environment.
Due to the importance of adequate rumen development,
factors affecting the microbial success of the rumen are of
interest in young ruminants. One such factor that affects the
rumen microbiome is transport of the animals. Following
weaning and during transport to a feedlot operation in beef
calves, total amount of bacteria was not affected by transport,
weaning, or changes in intake; however, protozoal populations were affected [80]. Relative abundance of Entodinium
increased following weaning, whereas Diplodinium and
Epidinium abundances tended to decrease over time and
Dasytricha was completed eliminated by day 7 [80]. With
regard to archaeal communities, establishment has been measured shortly after birth and has been demonstrated to stabilize
soon thereafter [59]. As seen in bacterial populations, archaeal
community establishment in the rumen at weaning is also
affected by age and diet. For instance, one study found that
methanogenic archaea abundances were greater in lambs fed
forage-based diets compared to grain-based diets [81], which
are trends also seen in adult animals [46].
Weaning age and method of weaning can also change rumen or gastrointestinal tract microbiome establishment and
community structure. However, because weaning is a more
labor-intensive process in the dairy industry compared to the
beef industry, current understanding of the effects of weaning
on the rumen microbiome is primarily from dairy cattle, with
additional information coming from small ruminant systems.
Weaning in dairy calves elicited an immune response in the
lower gastrointestinal tract, but adding solid feed in addition to
milk replacer resulted in changes to the immune response as
well as gut bacteria [82]. Increased solid feed resulted in increased total amount of bacteria present in the gastrointestinal
tract [82]. In 2016, one study examined the effects of weaning
and weaning strategies on the rumen microbiome establishment. Pre-weaned calves had greater α-diversity compared to
weaned calves, but the weaning strategy did not have any
effect on microbial α-diversity [78]. When principle coordinate analysis (PCoA) was used, operational taxonomic units
(OTU) clustered by pre- or post-weaning animals, but no differences were observed in weaning strategy [78]. In addition
to these changes, abundances of specific bacteria also changed
from pre-weaning to weaning, including decreased
Bacteroidetes, increased Proteobacteria, and increased
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Firmicutes populations [78]. Moreover, weaning age also impacts microbial community establishment. Early weaning of
dairy calves resulted in a rapid change of the rumen
microbiome compared to calves that were gradually adapted
to a post-weaning diet; however, once the microbiome OTU
were established, they remained stable following weaning
[83]. Beyond this, not many differences were observed in
the microbial community diversity metrics between early
and gradually weaned calves [83]. Though changes in OTU
abundances of historically dominant phyla changed at different rates in early-weaned compared to gradually weaned
calves, no differences were observed in Bacteroidetes,
Firmicutes, or the ratio of these two once calves were fully
weaned [83]. Differences were observed, however, in less
dominant phyla, including Cyanobacteria, Spirochaetes,
Synergistetes, and Verruccomicrobia, which all decreased in
early-weaned calves over time, whereas only Elusimicrobia
and Fibrobacteres decreased by weaning in gradually weaned
animals [83]. While many similarities between these weaning
ages were observed in the rumen microbiome of calves, several differences were also observed at a finer resolution, indicating that this may be an important area of research in the
future to optimize the rumen microbiota for production.

change from predominantly liquid to solid feed may also account for the changes in the rumen microbiota following
weaning. Breed may also impact the rumen microbiome and
presents an interesting future area of research. However, beyond these factors, there appears to be some degree of host
regulation of microbiome establishment and composition.

Breed

Host Genetic Regulation

Although breed can play a large part in physiological phenotypes of cattle, little is known about the differences in the
rumen microbiota between breeds, particularly in beef cattle.
Researchers conducted a study to delineate differences in the
rumen bacterial and archaeal populations of beef cattle differing in sire breed and diet [84]. Several differences in bacterial
populations were observed in the LE diet due to sire breed,
including 24 bacterial phylotypes, with four Angus-associated
phylotypes [84]. When steers were fed the HE diet, 37 bacterial phylotypes differed between sire breeds, with six Angusassociated phylotypes, one Charolais-associated phylotypes,
and no Angus × Charolais (hybrid)-specific phylotypes [84].
Although differences were observed as a result of sire breed in
bacterial phylotypes, no breed-associated differences were
found in methanogenic archaea phylotypes [84]. This study
was one of the first to analyze breed effects on the rumen
microbiome, which indicated that there is possibly some host
regulation or preferential selection of rumen microbiota establishment; however, these findings may have been breed-specific. Additionally, breed variation may contribute to host regulation of the gut microbiome establishment, but individual
variation in host genetic regulation may play a greater role
than breed variations.
Many external and physiological factors contribute to
microbiome establishment and composition in ruminants.
However, data support that diet is likely the largest external
dictator of the rumen microbial community structure [18]. The

Many traits, such as carcass quality and milk yield, are
associated with quantitative trait loci (QTL) or single nucleotide polymorphisms (SNP), typically indicating at least
a moderate ability to genetically select for those traits.
Attempts have been made to associate gut microbiota with
genetic factors for which producers, researchers, or others
can select. In one study, researchers attempted to correlate
mice gut microbiomes with genetic traits. Several taxonomic groups (26) were associated with 13 QTL, with each of
the four dominant bacterial phyla corresponding with a
QTL [85]. The QTL associated with the bacteria were distributed across eight different chromosomes, which indicated that the gut microbiome is a heritable trait [85]. Similar
trends have been observed in humans as well. Monozygotic
twins had more similar gut bacteriomes than did dizygotic
twins [86]. Another study revealed that different taxa exhibited varying heritability [87]. In addition, the researchers
also found 37 potential SNP that may be involved in gut
microbiome establishment [87]. These studies indicate that
microbiome establishment may be a complex, phenotypic
trait of which can be selected.
One important production trait that has been associated
with ruminant host genotype is that of methane emissions.
Methane contributes approximately 2 to 12% decrease in feed
efficiency in ruminants, and ruminants produce approximately
80% of global livestock emissions [3]. Genotypic associations
have been identified between methane yield and methane

Host Effects on Rumen Microbiome
Establishment
The rumen microbiome is a complex ecosystem with many
confounding factors that lead to its establishment. Certain
traits, such as feed efficiency, have been associated with differences in bacterial communities in the rumen and lower
gastrointestinal tract of cattle, providing some indication that
these important host phenotypes are related to the
microbiome. Although some external factors, such as diet,
contribute to fluctuations in the microbiome, the question remains as to what drives changes when controlling for such
factors. Some mechanisms seem to be in place from the host
that dictate the microbial community composition; however,
those mechanisms are still widely unknown.
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production rate, and these traits were only loosely associated
genetically with dry matter intake [88]. The genetic relationship between different methane production and yield traits
with little or no genetic connection to dry matter intake is ideal
for selection, in which low methane production can be selected for without negatively impacting dry matter intake [88].
Because methane production is thought to derive primarily
from methanogenic archaea in the rumen, this study indicated
that the host genetics may play a strong role in selecting for or
against methanogenic archaeal communities or other microbial populations [88]. However, methane production had a
strong genetic correlation with weaning weight and body
weight, so selecting against methane production could result
in decreased weaning weight [88].
While several studies have found genetic correlations between the gut microbiome and the host in mice and humans
[34, 35, 87], almost no studies have been conducted to determine these same correlations in ruminants. Certain SNP have
been associated with Prevotella abundance in the rumen of
dairy cows [89]. In particular, Prevotella abundance in the
rumen was associated with SNP on the DGAT1 gene, which
is associated with milk fat composition [90, 91]. Other microbial populations were also associated with SNP on other host
genes associated with fatty acid or cellular metabolism, including ACSF3, AGPAT3, and STC2 [92]. This is the first
study in cattle that has attempted to find SNP associated with
the rumen microbiome and how those may be correlated with
important phenotypic traits. This study presented evidence
that the microbiome is indeed associated with, to some degree,
the host genome, which could have large implications for the
cattle industry. Additional studies should be conducted in beef
cattle to determine if production parameters important to that
industry are also genetically correlated with the rumen
microbiome.

Mitochondrial Associations
Mitochondrial DNA (mtDNA) is an often forgotten or excluded source of genetic variation when searching for SNPassociated traits. Mitochondrial DNA is inherited solely from
the dam and is known as a source of SNP. In humans, mtDNA
haplogroups in stool were associated with certain bacterial
taxa [93]. Different haplogroups were associated with different genera in stool after further analysis, and these were not
affected by gender, body mass index (BMI), or age [93].
Different haplogroups were also correlated with differences
in relative abundance ratios of phenotypically important taxa,
such as the Bacteroides/Prevotella [93, 94]. The researchers
also speculated that the gut microbiome may be impacted by
the mutations identified in the mtDNA, potentially mediated
by the inflammatory response to reactive oxygen species and
variation in key redox pathways. Although the mechanisms
relating mtDNA to the gut microbiome are not yet defined,

this study provides novel and foundational information about
the role that the mtDNA may play in dictating the host gut
microbiome and should be considered when assessing host
influence in microbiome establishment and manipulation.

Microbiome Re-Establishment Following Disturbances
and Associated Parameters
In order to measure the effect of the host on microbiome reestablishment following disturbance, several studies have
been conducted. However, one of the most extreme disturbances to the rumen microbiome is that of rumen content
evacuation or exchange. A previous study was conducted in
which the researchers performed rumen content exchanges
(RCE) between Holstein cows that were chosen based on their
differences in rumen pH and total VFA concentrations.
Immediately following RCE, the rumen pH and VFA most
resembled that of the donated rumen content [19]. However,
the rumen pH and VFA concentrations returned to their original values and concentrations within 48 h, except in one of
the four animals [19]. The bacterial communities were then
analyzed from each of the four animals from several time
points throughout the 9 weeks of study. In the first experiment
of two animals, the bacterial communities returned completely
to their native bacteriome by the end of the 9 weeks. However,
in the second experiment, the bacterial communities in one of
the two cows did not completely return, though the communities most resembled the native bacteriome rather than the
donated bacteriome [19]. In the cow that did not experience
complete return of its bacterial community composition, the
VFA concentrations and pH values also did not return
completely, suggesting a host effect in the microbiome establishment, at least in adult animals, as well as the wide-reaching
physiological impact of the rumen microbiome [19].
However, because there was not a complete re-establishment
in one of the animals, this may indicate that host control over
gut microbiome composition is variable, which in turn may
allow for persistent manipulation of the gut microbiome.
A later study conducted used RCE to measure how
microbiome re-establishment was associated with a major production parameter: milk yield. Cows used in the study were
chosen based on differences in milk production and were designated low producing (LP) or high producing (HP). When LP
cows received rumen content from HP cows, milk yield increased significantly [95]. Interestingly, when the bacterial
communities returned to the original composition, so did the
milk production [95]. Although not all cows experienced
complete return of their original bacterial community composition, all bacteriomes most resembled that of the native
bacteriomes than the donated bacteriomes [95]. This study
provided insight as to the relationship between the host and
the stability of its microbiome and the effects that changes to
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the rumen microbiome can have on host physiology and important production parameters.
While these studies have illustrated compelling evidence
that ruminant host genetic regulation may impact microbiome
establishment and community composition, and these relationships may be responsible for important production traits
in both beef and dairy cattle industries, much is still unknown
about the mechanisms governing these influences. The rumen
and lower gastrointestinal tract microbiomes contribute significantly to the effective breakdown of feedstuffs and have been
associated with feed efficiency in beef cattle [10]. It may be
possible in future studies to genetically associate the rumen
microbiome with the host as well as other important production parameters to improve the overall efficiency and sustainability of the beef cattle industry.

production is intimately linked to diet, predominantly due to
the changes in substrate, as well as rumen microbial activities.
Different supplements, including corn, beet pulp, and barley,
can result in varying total VFA concentrations and differences
in rumen pH, without affecting dry matter intake [96]. Many
other studies have found associations among types of feed,
VFA concentrations, and pH as well [97–99]. The relationship
among the host, VFA, and the rumen microbiota has been
extensively explored and previously reviewed [100–102].
Although VFA production and pH have been well-studied in
cattle, there is still much knowledge to gain regarding the
manipulation of the microbiome and its effects on these factors or vice versa and how that will, in turn, modify energy
substrate and nutrient production.

Serum Metabolome

Animal Physiology Resulting from Rumen
Microbiome Activity
The rumen microbiome is critical for host physiology as it
produces energy substrates and other nutrients that the animal
needs to perform adequately. Nutrients that are generated and
released in the rumen can then be absorbed across the rumen
epithelium or in the lower gastrointestinal tract and typically
enter the circulatory system of the ruminant. While these metabolites, nutrients, and substrates are critical to the animal,
most rumen microbiome research fails to incorporate the multitude of fermentative and physiological factors resulting from
microbial activity. Unfortunately, only several products are
routinely measured, such as VFA, nitrogen (several forms),
and glucose. These shortcomings must be addressed in future
research. Employing several additional techniques when
assessing the ruminal microbiome activity can lead to better
interrogation of the relationships among host physiology and
the rumen microbiome, such as proteomics to assess microbial
crude protein, trace mineral analyses, and transcriptomics, to
name a few. Although it requires researchers to analyze great
amounts of data, utilizing a more systems-based approach, in
tandem with gut microbial metagenomics, and host-microbial
interactions will aid in the effort to fully understand the mechanisms behind gut microbiome stability, resiliency, and
establishment.

Fermentation Products
Volatile fatty acids are important by-products of microbial
fermentation in the rumen as they are the main glucogenic
and fat precursors, particularly propionate and acetate.
Production of VFA also contributes to the rumen pH, which
is a critical measurement that contributes to overall health of
the rumen and, in turn, can select for or against certain microbial populations. As with the rumen microbiome, VFA

Since their inception, metabolomic techniques have provided
researchers with a multitude of information [103]. The serum
metabolome can provide a detailed perspective about the
physiology of the animal at the time of collection, providing
far more information than has ever been generated, with an
average of over 100 known metabolites being identified in
single sample and hundreds more unidentified [104]. Serum
metabolomics has been used widely to understand diseased
states in particular [105]. Thus, serum metabolomics is a useful tool for researchers to be able to understand effects of a
wide range of conditions on the overall host physiology.
Serum metabolomic techniques have started to be applied
to ruminant systems because they can capture information
about what has been absorbed from the environment (e.g.,
rumen) as well as endogenous production of metabolites.
Animals differing in RFI also exhibited different metabolic
profiles in plasma using nuclear magnetic resonance imaging
(NMR) [106]. During the second period of the trial, ten metabolites were identified that differed between low and high
RFI, which accounted for more than half of the differences in
RFI [106]. Several metabolites accounted for the majority of
differences observed in RFI, including glutamate, citrate, acetate, and carnitine, all of which are directly or indirectly involved in intermediary metabolism [106]. This study alone
provided a wealth of information with regard to phenotypic
differences in beef cattle, but more studies need to be conducted to determine how these can be manipulated to optimize
beef cattle production and how the microbiome relates to the
serum metabolic profiles of the animals.
A recent study used LC-MS to perform untargeted metabolomics on serum from steers differing in feed efficiency
[107]. Steers with low RFI had greater serum abundances of
several metabolites, including pantothenate and carnitine,
which are directly involved in intermediary metabolism, particularly fat and carbohydrate metabolism [107]. The results
from this study support that of a previous study by Karisa et al.
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(2014) but also expanded upon the work of Karisa et al. by
using LC-MS rather than NMR to analyze the serum metabolome [106]. However, the few untargeted serum
metabolomic studies that exist in ruminants are still associative and have not moved beyond to provide explanations for
variations in host phenotypes. Incorporating serum
metabolomic techniques with other methods, including genomics, transcriptomics, and trace mineral analysis, may provide
greater insight as to the relationship between the host and
rumen microbiome.

Rumen Metabolome
The rumen metabolome, like the serum metabolome, can provide information for researchers about the state of the animal at
the time of collection [103]. Rumen fluid metabolomics has
been almost exclusively applied to dairy cattle, with little research conducted to assess the use of rumen metabolomics,
particularly untargeted metabolomics, in beef cattle. One study
that analyzed four biofluids from dairy cows (milk, urine, rumen fluid, and serum) using NMR and gas chromatography
(GC) found several metabolites present in all four fluids, while
many metabolites were found solely in rumen fluid [108].
Differences in metabolites were also found between biofluids
from cows on different diets as well [108]. This study
highlighted the importance of a multi-systems approach to
metabolomics and how changes in metabolites at different
levels (systems) can be associated with host phenotype.
In beef cattle, protein is the main product desired, requiring
effective conversion of feed to mass. Thus, understanding the
relationship between the microbiome and this conversion, as
well as the host physiology, will ultimately lead to the ability to
optimize these various aspects of ruminant production to maximize production with minimal input. Steers differing in feed
efficiency varied in their rumen fluid metabolome [109].
Ninety metabolites differed between high- and low-efficiency
animals, with most of them involved in fatty acid and amino
acid metabolism [109]. Differences in plasma metabolites, particularly fatty acids, were also observed between animals differing in feed efficiency [109]. However, concentrations of
fatty acids differed between the rumen and plasma
metabolomes [109], indicating that some other factors are involved in the transport of metabolites from the rumen to the
blood. This study was one of the first uses of untargeted
metabolomic techniques to examine the beef cattle rumen metabolome in relation to host phenotypes, such as feed efficiency. This application of metabolomics has contributed to our
understanding of the mechanisms underlying divergences in
phenotype of beef cattle, but much more information is needed
to not only fully comprehend the contributing factors to differences in phenotype, but how those different factors can be
manipulated in order to optimize production.

Summary and Future Directions
Many factors contribute to ruminant efficiency phenotypes,
including the rumen microbiome, physical and genetic differences in the animal, host physiology, as well as external factors such as diet and management. The rumen microbiome is a
key mediator of nutrient production in cattle, but much is still
unknown about the ability to manipulate the microbiome, factors affecting its establishment, and the physiological effects
on the host as a result of those manipulations. Host genetics
appears to play a strong role in microbiome establishment,
though this can be overcome by other factors such as diet or
antibiotics, at least short-term. However, it is still unknown
how all of these factors can be used and manipulated in conjunction to optimize beef cattle production, including improved feed efficiency, reduced methane emissions, and other
efficiency metrics.
The ruminant metabolome has revealed associations between different metabolites and important production-related
phenotypes in beef cattle, particularly metabolites associated
with intermediary metabolism. However, few studies have
attempted to relate the rumen fluid metabolome with the serum
metabolome, in order to further define and understand the
relationship between rumen dynamics and the animal’s endogenous metabolism. Those studies that have been conducted
have primarily been conducted in dairy cattle or other species,
as is the case with host-microbiome interactions [16, 17, 110].
To advance this field of research in cattle, these types of systems approaches must be undertaken. Further, these studies
should also mirror that of other fields, in which multinational
groups perform analyses to interrogate many aspects of the
same experiment to add additional layers of robustness and
analytical overlap once systemic methods of data analysis
are attempted.
Beyond the relationship between the rumen and serum metabolome, no studies have performed metabolomic analyses of
rumen and serum in conjunction with the beef cattle rumen
microbiome, particularly following a rumen disturbance (such
as RCE). In other environments and disciplines, such as environmental toxicology or cancer biology, B-omics^ technologies have provided deeper information as to the effects microbes have on their environment because metabolomic techniques can analyze over 100 metabolites at once, compared to
traditional assay techniques in which only one or few molecules can be measured at a time [111–113]. In addition, many
of the metabolites that have been found using untargeted metabolomics in animals of varying phenotypes, such as differences
in RFI, have been those known to be involved in intermediary
metabolism and may help explain differences observed in the
physiology of the animal [109]. Applying multiple -omics
techniques as well as across multiple physiological systems
(e.g., blood, rumen fluid, urine) will provide more details regarding the critical relationships between the host and its
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microbiome. A more detailed and inclusive approach will provide more in-depth associations among the various factors
contributing to divergences in feed efficiency, such as
ssNMR, epigenetics, and other B-omics^ techniques, in conjunction with microbiomics, and would yield a systemic data
set amenable for concerted multi-omics approach. Such approaches will allow researchers to make connections that have
not been previously not been available to researchers. Utilizing
the entirety of these tools in cattle to acquire a comprehensive
picture of host-microbe interactions will ultimately lead to a
better understanding of these complex relationships, enable to
researchers to better elicit production outcomes through persistent microbiome manipulation, and provide better selection
criteria to improve livestock systems.
Acknowledgements This study was supported by the United States
Department of Agriculture, National Institute of Food and Agriculture
Hatch/Multistate Project W2010-TEN00493, Integrated Approach to
Enhance Efficiency of Feed Utilization in Beef Production Systems.

References
1.

2.
3.
4.

5.

6.

7.

8.

9.

10.

11.

Mathews K, McBride W (2011) The diverse structure and organization of US beef cow-calf farms. US Department of Agriculture,
Economic Research Service. Economic Information Bulletin,
Washington, DC
Alexandratos N, Bruinsma J (2012) World agriculture towards
2030/2050: the 2012 revision. ESA Working paper FAO, Rome
Johnson KA, Johnson DE (1995) Methane emissions from cattle.
J Anim Sci 73(8):2483–2492
Crutzen PJ, Aselmann I, Seiler W (1986) Methane production by
domestic animals, wild ruminants, other herbivorous fauna, and
humans. Tellus B 38(3–4):271–284
Alemu AW, Ominski K, Kebreab E (2011) Estimation of enteric
methane emissions trends (1990-2008) from Manitoba beef cattle
using empirical and mechanistic models. Can J Anim Sci 91(2):
305–321
Seymour W, Campbell D, Johnson Z (2005) Relationships between rumen volatile fatty acid concentrations and milk production in dairy cows: a literature study. Anim Feed Sci Technol
119(1):155–169
Weston R, Hogan J (1968) The digestion of pasture plants by
sheep. I. Ruminal production of volatile fatty acids by sheep offered diets of ryegrass and forage oats. Aust J Agric Res 19(3):
419–432
Houpt TR (1970) Transfer of urea and ammonia to the rumen.
Physiology of Digestion and Metabolism in the Ruminant 119–
131
Kempton T, Nolan J, Leng R (1977) Principles for the use of nonprotein nitrogen and by-pass proteins in diets of ruminants. World
Animal Review
Myer PR, Wells JE, Smith TPL, Kuehn LA, Freetly HC (2017)
Analysis of the gut bacterial communities in beef cattle and their
association with feed intake, growth, and efficiency. J Anim Sci
95. https://doi.org/10.2527/jas2016.1059
Khafipour E, Li S, Plaizier JC, Krause DO (2009) Rumen
microbiome composition determined using two nutritional models
of subacute ruminal acidosis. Appl Environ Microbiol 75(22):
7115–7124. https://doi.org/10.1128/aem.00739-09

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

Shi W, Moon CD, Leahy SC, Kang D, Froula J, Kittelmann S, Fan
C, Deutsch S, Gagic D, Seedorf H, Kelly WJ, Atua R, Sang C,
Soni P, Li D, Pinares-Patiño CS, McEwan JC, Janssen PH, Chen F,
Visel A, Wang Z, Attwood GT, Rubin EM (2014) Methane yield
phenotypes linked to differential gene expression in the sheep
rumen microbiome. Genome Res 24(9):1517–1525. https://doi.
org/10.1101/gr.168245.113
Hungate R (1975) The rumen microbial ecosystem. Annu Rev
Ecol Syst 6:39–66
Zhou M, Hernandez-Sanabria E, Guan LL (2009) Assessment of
the microbial ecology of ruminal methanogens in cattle with different feed efficiencies. Appl Environ Microbiol 75(20):6524–
6533. https://doi.org/10.1128/aem.02815-08
Shabat SKB, Sasson G, Doron-Faigenboim A, Durman T,
Yaacoby S, Miller MEB, White BA, Shterzer N, Mizrahi I
(2016) Specific microbiome-dependent mechanisms underlie the
energy harvest efficiency of ruminants. ISME J 10:2958–2972
Mao SY, Huo WJ, Zhu WY (2016) Microbiome–metabolome
analysis reveals unhealthy alterations in the composition and metabolism of ruminal microbiota with increasing dietary grain in a
goat model. Environ Microbiol 18(2):525–541
Morgavi DP, Rathahao-Paris E, Popova M, Boccard J, Nielsen KF,
Boudra H (2015) Rumen microbial communities influence metabolic phenotypes in lambs. Front Microbiol 6(1060). https://doi.
org/10.3389/fmicb.2015.01060
Henderson G, Cox F, Ganesh S, Jonker A, Young W,
Collaborators GRC, Janssen PH (2015) Rumen microbial community composition varies with diet and host, but a core
microbiome is found across a wide geographical range. Sci Rep 5
Weimer PJ, Stevenson DM, Mantovani HC, Man SLC (2010)
Host specificity of the ruminal bacterial community in the dairy
cow following near-total exchange of ruminal contents. J Dairy
Sci 93(12):5902–5912. https://doi.org/10.3168/jds.2010-3500
Hook SE, Northwood KS, Wright A-D, McBride BW (2009)
Long-term monensin supplementation does not significantly affect the quantity or diversity of methanogens in the rumen of the
lactating dairy cow. Appl Environ Microbiol 75(2):374–380
Ghorbani GR, Morgavi DP, Beauchemin KA, Leedle JAZ (2002)
Effects of bacterial direct-fed microbials on ruminal fermentation,
blood variables, and the microbial populations of feedlot cattle. J
Anim Sci 80(7):1977–1985. https://doi.org/10.2527/2002.
8071977x
Weimer PJ (2015) Redundancy, resilience, and host specificity of
the ruminal microbiota: implications for engineering improved
ruminal fermentations. Front Microbiol 6
Nagaraja T (2016) Microbiology of the rumen. In: Rumenology.
Springer, pp 39–61
Creevey CJ, Kelly WJ, Henderson G, Leahy SC (2014)
Determining the culturability of the rumen bacterial microbiome.
Microb Biotechnol 7(5):467–479. https://doi.org/10.1111/17517915.12141
Fernando SC, Purvis H, Najar F, Sukharnikov L, Krehbiel C,
Nagaraja T, Roe B, DeSilva U (2010) Rumen microbial population dynamics during adaptation to a high-grain diet. Appl
Environ Microbiol 76(22):7482–7490
McCann JC, Luan S, Cardoso FC, Derakhshani H, Khafipour E,
Loor JJ (2016) Induction of subacute ruminal acidosis affects the
ruminal microbiome and epithelium. Front Microbiol 7:701
Myer PR, Smith TP, Wells JE, Kuehn LA, Freetly HC (2015)
Rumen microbiome from steers differing in feed efficiency.
PLoS One 10(6):e0129174
Stevenson DM, Weimer PJ (2007) Dominance of Prevotella and
low abundance of classical ruminal bacterial species in the bovine
rumen revealed by relative quantification real-time PCR. Appl
Microbiol Biotechnol 75(1):165–174. https://doi.org/10.1007/
s00253-006-0802-y

Clemmons B. A. et al.
29.

Avguštin G, Wallace RJ, Flint HJ (1997) Phenotypic diversity
among ruminal isolates of Prevotella ruminicola: proposal of
Prevotella brevis sp. nov., Prevotella bryantii sp. nov., and
Prevotella albensis sp. nov. and redefinition of Prevotella
ruminicola. Int J Syst Evol Microbiol 47(2):284–288
30. Henderson G, Cox F, Ganesh S, Jonker A, Young W, Abecia L,
Angarita E, Aravena P, Arenas GN, Ariza C (2015) Rumen microbial community composition varies with diet and host, but a
core microbiome is found across a wide geographical range. Sci
Rep 5:14567
31. Jami E, White BA, Mizrahi I (2014) Potential role of the bovine
rumen microbiome in modulating milk composition and feed efficiency. PLoS One 9(1):e85423
32. Petri R, Schwaiger T, Penner G, Beauchemin K, Forster R,
McKinnon J, McAllister T (2013) Changes in the rumen epimural
bacterial diversity of beef cattle as affected by diet and induced
ruminal acidosis. Appl Environ Microbiol 79(12):3744–3755
33. Lima FS, Oikonomou G, Lima SF, Bicalho ML, Ganda EK, de
Oliveira Filho JC, Lorenzo G, Trojacanec P, Bicalho RC (2015)
Prepartum and postpartum rumen fluid microbiomes: characterization and correlation with production traits in dairy cows. Appl
Environ Microbiol 81(4):1327–1337
34. Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan
A, Ley RE, Sogin ML, Jones WJ, Roe BA, Affourtit JP, Egholm
M, Henrissat B, Heath AC, Knight R, Gordon JI (2009) A core gut
microbiome in obese and lean twins. Nature 457(7228):480–484
http://www.nature.com/nature/journal/v457/n7228/suppinfo/
nature07540_S1.html
35. Ley RE, Bäckhed F, Turnbaugh P, Lozupone CA, Knight RD,
Gordon JI (2005) Obesity alters gut microbial ecology. Proc Natl
Acad Sci U S A 102(31):11070–11075. https://doi.org/10.1073/
pnas.0504978102
36. Rodríguez F (2003) Control of lactate accumulation in ruminants
using Prevotella bryantii
37. Russell JB, Hino T (1985) Regulation of lactate production in
Streptococcus bovis: a spiraling effect that contributes to rumen
acidosis. J Dairy Sci 68(7):1712–1721
38. Tajima K, Arai S, Ogata K, Nagamine T, Matsui H, Nakamura M,
Aminov RI, Benno Y (2000) Rumen bacterial community transition during adaptation to high-grain diet. Anaerobe 6(5):273–284
39. Nagaraja T, Titgemeyer E (2007) Ruminal acidosis in beef cattle:
the current microbiological and nutritional outlook. J Dairy Sci 90:
E17–E38
40. Bekele AZ, Koike S, Kobayashi Y (2010) Genetic diversity and
diet specificity of ruminal Prevotella revealed by 16S rRNA genebased analysis. FEMS Microbiol Lett 305(1):49–57. https://doi.
org/10.1111/j.1574-6968.2010.01911.x
41. Pitta DW, Pinchak WE, Dowd SE, Osterstock J, Gontcharova V,
Youn E, Dorton K, Yoon I, Min BR, Fulford JD, Wickersham TA,
Malinowski DP (2010) Rumen bacterial diversity dynamics associated with changing from bermudagrass hay to grazed winter
wheat diets. Microb Ecol 59(3):511–522. https://doi.org/10.
1007/s00248-009-9609-6
42. Anderson CL, Schneider C, Erickson G, MacDonald J, Fernando
SC (2016) Rumen bacterial communities can be acclimated faster
to high concentrate diets than currently implemented feedlot programs. J Appl Microbiol 120(3):588–599
43. Thoetkiattikul H, Mhuantong W, Laothanachareon T,
Tangphatsornruang S, Pattarajinda V, Eurwilaichitr L,
Champreda V (2013) Comparative analysis of microbial profiles
in cow rumen fed with different dietary fiber by tagged 16S rRNA
gene pyrosequencing. Curr Microbiol 67(2):130–137. https://doi.
org/10.1007/s00284-013-0336-3
44. Turnbaugh PJ, Bäckhed F, Fulton L, Gordon JI (2008) Dietinduced obesity is linked to marked but reversible alterations in

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

the mouse distal gut microbiome. Cell Host Microbe 3(4):213–
223. https://doi.org/10.1016/j.chom.2008.02.015
Smith P, Bustamante M (2014) Climate change 2014: mitigation
of climate change. In: Contribution of working group III to the
fifth assessment report of the intergovernmental panel on climate
change, ch 11. Cambridge University Press, Cambridge, pp 811–
922
Zhou M, Hernandez-Sanabria E, Guan LL (2010)
Characterization of variation in rumen methanogenic communities under different dietary and host feed efficiency conditions, as
determined by PCR-denaturing gradient gel electrophoresis analysis. Appl Environ Microbiol 76(12):3776–3786. https://doi.org/
10.1128/aem.00010-10
Wright A-DG, Williams AJ, Winder B, Christophersen CT,
Rodgers SL, Smith KD (2004) Molecular diversity of rumen
methanogens from sheep in Western Australia. Appl Environ
Microbiol 70(3):1263–1270. https://doi.org/10.1128/aem.70.3.
1263-1270.2004
Popova M, Martin C, Eugène M, Mialon MM, Doreau M,
Morgavi DP (2011) Effect of fibre- and starch-rich finishing diets
on methanogenic Archaea diversity and activity in the rumen of
feedlot bulls. Anim Feed Sci Technol 166-167:113–121. https://
doi.org/10.1016/j.anifeedsci.2011.04.060
Moss AR, Givens DI, Garnsworthy PC (1995) The effect of
supplementing grass silage with barley on digestibility, in sacco
degradability, rumen fermentation and methane production in
sheep at two levels of intake. Anim Feed Sci Technol 55(1):9–
33. https://doi.org/10.1016/0377-8401(95)00799-S
Hindrichsen I, Wettstein H-R, Machmüller A, Soliva C, Bach
Knudsen K, Madsen J, Kreuzer M (2004) Effects of feed carbohydrates with contrasting properties on rumen fermentation and
methane release in vitro. Can J Anim Sci 84(2):265–276
Wallace RJ, Rooke JA, McKain N, Duthie C-A, Hyslop JJ, Ross
DW, Waterhouse A, Watson M, Roehe R (2015) The rumen microbial metagenome associated with high methane production in
cattle. BMC Genomics 16(1):839
Hristov AN, Ivan M, Rode LM, McAllister TA (2001)
Fermentation characteristics and ruminal ciliate protozoal populations in cattle fed medium- or high-concentrate barley-based
diets. J Anim Sci 79(2):515–524. https://doi.org/10.2527/2001.
792515x
Dehority B, Orpin C (1997) Development of, and natural fluctuations in, rumen microbial populations. In: The rumen microbial
ecosystem. Springer, pp 196–245
Franzolin R, Dehority B (1996) Effect of prolonged highconcentrate feeding on ruminal protozoa concentrations. J Anim
Sci 74(11):2803–2809
Bauchop T (1979) Rumen anaerobic fungi of cattle and sheep.
Appl Environ Microbiol 38(1):148–158
Orpin CG, Joblin KN (1997) The rumen anaerobic fungi. In:
Hobson PN, Stewart CS (eds) The rumen microbial ecosystem.
Springer Netherlands, Dordrecht, pp 140–195. https://doi.org/10.
1007/978-94-009-1453-7_4
Grenet E, Breton A, Barry P, Fonty G (1989) Rumen anaerobic
fungi and plant substrate colonization as affected by diet composition. Anim Feed Sci Technol 26(1–2):55–70
Orpin C (1977) The rumen flagellate Piromonas communis: its
life-history and invasion of plant material in the rumen.
Microbiology 99(1):107–117
Fonty G, Gouet P, Jouany J-P, Senaud J (1987) Establishment of
the microflora and anaerobic fungi in the rumen of lambs.
Microbiology 133(7):1835–1843
Schelling GT (1984) Monensin mode of action in the rumen. J
Anim Sci 58(6):1518–1527

Altering the Gut Microbiome of Cattle: Considerations of Host-Microbiome Interactions for Persistent...
61.

Perry TW, Beeson WM, Mohler MT (1976) Effect of monensin on
beef cattle performance. J Anim Sci 42(3):761–765. https://doi.
org/10.2527/jas1976.423761x
62. Tomkins NW, Denman SE, Pilajun R, Wanapat M, McSweeney
CS, Elliott R (2015) Manipulating rumen fermentation and
methanogenesis using an essential oil and monensin in beef cattle
fed a tropical grass hay. Anim Feed Sci Technol 200:25–34.
https://doi.org/10.1016/j.anifeedsci.2014.11.013
63. Griffin SG, Wyllie SG, Markham JL, Leach DN (1999) The role
of structure and molecular properties of terpenoids in determining
their antimicrobial activity. Flavour Fragr J 14(5):322–332
64. Sikkema J, de Bont JA, Poolman B (1994) Interactions of cyclic
hydrocarbons with biological membranes. J Biol Chem 269(11):
8022–8028
65. Ultee A, Kets E, Smid E (1999) Mechanisms of action of carvacrol
on the food-borne pathogen Bacillus cereus. Appl Environ
Microbiol 65(10):4606–4610
66. Ultee A, Bennik M, Moezelaar R (2002) The phenolic hydroxyl
group of carvacrol is essential for action against the food-borne
pathogen Bacillus cereus. Appl Environ Microbiol 68(4):1561–
1568
67. Calsamiglia S, Busquet M, Cardozo P, Castillejos L, Ferret A
(2007) Invited review: essential oils as modifiers of rumen microbial fermentation. J Dairy Sci 90(6):2580–2595
68. Macheboeuf D, Morgavi DP, Papon Y, Mousset JL, ArturoSchaan M (2008) Dose–response effects of essential oils on in
vitro fermentation activity of the rumen microbial population.
Anim Feed Sci Technol 145(1):335–350. https://doi.org/10.
1016/j.anifeedsci.2007.05.044
69. Beauchemin K, McGinn S (2006) Methane emissions from beef
cattle: effects of fumaric acid, essential oil, and canola oil. J Anim
Sci 84(6):1489–1496
70. Callaway TR, Dowd SE, Edrington TS, Anderson RC, Krueger N,
Bauer N, Kononoff PJ, Nisbet DJ (2010) Evaluation of bacterial
diversity in the rumen and feces of cattle fed different levels of
dried distillers grains plus solubles using bacterial tag-encoded
FLX amplicon pyrosequencing. J Anim Sci 88(12):3977–3983.
https://doi.org/10.2527/jas.2010-2900
71. Maroune M, Bartos S (1987) Interactions between rumen amylolytic and lactate-utilizing bacteria in growth on starch. J Appl
Microbiol 63(3):233–238
72. Beharka AA, Nagaraja TG, Morrill JL (1991) Performance and
ruminal function development of young calves fed diets with
Aspergillus oryzae fermentation extract. J Dairy Sci 74(12):
4326–4336. https://doi.org/10.3168/jds.S0022-0302(91)78628-1
73. Lesmeister KE, Heinrichs AJ, Gabler MT (2004) Effects of supplemental yeast (Saccharomyces cerevisiae) culture on rumen development, growth characteristics, and blood parameters in neonatal dairy calves. J Dairy Sci 87(6):1832–1839. https://doi.org/
10.3168/jds.S0022-0302(04)73340-8
74. Chaucheyras-Durand F, Walker ND, Bach A (2008) Effects of
active dry yeasts on the rumen microbial ecosystem: past, present
and future. Anim Feed Sci Technol 145(1):5–26. https://doi.org/
10.1016/j.anifeedsci.2007.04.019
75. Ribeiro GO, Oss DB, He Z, Gruninger RJ, Elekwachi C, Forster
RJ, Yang W, Beauchemin KA, McAllister TA (2017) Repeated
inoculation of cattle rumen with bison rumen contents alters the
rumen microbiome and improves nitrogen digestibility in cattle.
Sci Rep 7(1):1276
76. Li RW, Connor EE, Li C, Baldwin VIRL, Sparks ME (2012)
Characterization of the rumen microbiota of pre-ruminant calves
using metagenomic tools. Environ Microbiol 14(1):129–139.
https://doi.org/10.1111/j.1462-2920.2011.02543.x
77. Rey M, Enjalbert F, Combes S, Cauquil L, Bouchez O, Monteils V
(2014) Establishment of ruminal bacterial community in dairy

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

calves from birth to weaning is sequential. J Appl Microbiol
116(2):245–257. https://doi.org/10.1111/jam.12405
Meale SJ, Li S, Azevedo P, Derakhshani H, Plaizier JC, Khafipour
E, Steele MA (2016) Development of ruminal and fecal
microbiomes are affected by weaning but not weaning strategy
in dairy calves. Front Microbiol 7:582. https://doi.org/10.3389/
fmicb.2016.00582
Jami E, Israel A, Kotser A, Mizrahi I (2013) Exploring the bovine
rumen bacterial community from birth to adulthood. ISME J 7(6):
1069–1079
Fluharty FL, Loerch SC, Dehority BA (1994) Ruminal characteristics, microbial populations, and digestive capabilities of newly
weaned, stressed calves. J Anim Sci 72(11):2969–2979. https://
doi.org/10.2527/1994.72112969x
Yáñez-Ruiz DR, Macías B, Pinloche E, Newbold CJ (2010) The
persistence of bacterial and methanogenic archaeal communities
residing in the rumen of young lambs. FEMS Microbiol Ecol
72(2):272–278. https://doi.org/10.1111/j.1574-6941.2010.00852.x
Malmuthuge N, Li M, Goonewardene LA, Oba M, Guan LL
(2013) Effect of calf starter feeding on gut microbial diversity
and expression of genes involved in host immune responses and
tight junctions in dairy calves during weaning transition. J Dairy
Sci 96(5):3189–3200. https://doi.org/10.3168/jds.2012-6200
Meale SJ, Li SC, Azevedo P, Derakhshani H, DeVries TJ, Plaizier
JC, Steele MA, Khafipour E (2017) Weaning age influences the
severity of gastrointestinal microbiome shifts in dairy calves. Sci
Rep 7:198. https://doi.org/10.1038/s41598-017-00223-7
Hernandez-Sanabria E, Goonewardene LA, Wang Z, Zhou M,
Moore SS, Guan LL (2013) Influence of sire breed on the interplay among rumen microbial populations inhabiting the rumen
liquid of the progeny in beef cattle. PLoS One 8(3):e58461.
https://doi.org/10.1371/journal.pone.0058461
Benson AK, Kelly SA, Legge R, Ma F, Low SJ, Kim J, Zhang M,
Oh PL, Nehrenberg D, Hua K, Kachman SD, Moriyama EN,
Walter J, Peterson DA, Pomp D (2010) Individuality in gut microbiota composition is a complex polygenic trait shaped by multiple
environmental and host genetic factors. Proc Natl Acad Sci
107(44):18933–18938. https://doi.org/10.1073/pnas.1007028107
Goodrich Julia K, Waters Jillian L, Poole Angela C, Sutter Jessica
L, Koren O, Blekhman R, Beaumont M, Van Treuren W, Knight
R, Bell Jordana T, Spector Timothy D, Clark Andrew G, Ley Ruth
E (2014) Human genetics shape the gut microbiome. Cell 159(4):
789–799. https://doi.org/10.1016/j.cell.2014.09.053
Goodrich Julia K, Davenport Emily R, Beaumont M, Jackson
Matthew A, Knight R, Ober C, Spector Tim D, Bell Jordana T,
Clark Andrew G, Ley Ruth E (2016) Genetic determinants of the
gut microbiome in UK twins. Cell Host Microbe 19(5):731–743.
https://doi.org/10.1016/j.chom.2016.04.017
Donoghue K, Bird-Gardiner T, Arthur P, Herd R, Hegarty R
(2016) Genetic and phenotypic variance and covariance components for methane emission and postweaning traits in Angus cattle. J Anim Sci 94(4):1438–1445
Gonzalez-Recio O, Zubiria I, Garcia-Rodriguez A, Hurtado A,
Atxaerandio R (2017) Signs of host genetic regulation in the
microbiome composition in cattle. bioRxiv 100966
Mohammed SA, Rahamtalla SA, Ahmed SS, Dousa BM (2014)
DGAT1 gene in dairy cattle: a review. Global J Anim Sci Res 3(1):
191–198
Grisart B, Farnir F, Karim L, Cambisano N, Kim J-J, Kvasz A,
Mni M, Simon P, Frere J-M, Coppieters W (2004) Genetic and
functional confirmation of the causality of the DGAT1 K232A
quantitative trait nucleotide in affecting milk yield and composition. Proc Natl Acad Sci U S A 101(8):2398–2403
Gonzalez-Recio O, Zubiria I, Garcia-Rodriguez A, Hurtado A,
Atxaerandio R (2017) Signs of host genetic regulation in the

Clemmons B. A. et al.
microbiome composition in cattle. bioRxiv. https://doi.org/10.
1101/100966
93. Ma J, Coarfa C, Qin X, Bonnen PE, Milosavljevic A, Versalovic J,
Aagaard K (2014) mtDNA haplogroup and single nucleotide
polymorphisms structure human microbiome communities.
BMC Genomics 15(1):257
94. Yatsunenko T, Rey FE, Manary MJ, Trehan I, Dominguez-Bello
MG, Contreras M, Magris M, Hidalgo G, Baldassano RN,
Anokhin AP (2012) Human gut microbiome viewed across age
and geography. Nature 486(7402):222–227
95. Weimer PJ, Cox MS, de Paula TV, Lin M, Hall MB, Suen G
(2017) Transient changes in milk production efficiency and bacterial community composition resulting from near-total exchange
of ruminal contents between high- and low-efficiency Holstein
cows. J Dairy Sci 100:7165–7182
96. Carey DA, Caton JS, Biondini M (1993) Influence of energy
source on forage intake, digestibility, in situ forage degradation,
and ruminal fermentation in beef steers fed medium-quality brome
hay. J Anim Sci 71(8):2260–2269. https://doi.org/10.2527/1993.
7182260x
97. McCollum F, Galyean M (1985) Influence of cottonseed meal
supplementation on voluntary intake, rumen fermentation and rate
of passage of prairie hay in beef steers. J Anim Sci 60(2):570–577
98. Fulton W, Klopfenstein T, Britton R (1979) Adaptation to high
concentrate diets by beef cattle. II. Effect of ruminal ph alteration
on rumen fermentation and voluntary intake of wheat diets. J
Anim Sci 49(3):785–789
99. Brown M, Ponce C, Pulikanti R (2006) Adaptation of beef cattle
to high-concentrate diets: performance and ruminal metabolism. J
Anim Sci 84(13_suppl):E25–E33
100. Bergman E (1990) Energy contributions of volatile fatty acids
from the gastrointestinal tract in various species. Physiol Rev
70(2):567–590
101. Van Houtert M (1993) The production and metabolism of volatile
fatty acids by ruminants fed roughages: a review. Anim Feed Sci
Technol 43(3–4):189–225
102. Doreau M, Ferlay A (1994) Digestion and utilisation of fatty acids
by ruminants. Anim Feed Sci Technol 45(3–4):379–396
103. Fontanesi L (2016) Merging metabolomics, genetics, and genomics in livestock to dissect complex production traits. In: Systems

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

biology in animal production and health, Vol. 1. Springer, pp 43–
62
Monteiro M, Carvalho M, Bastos M, Guedes de Pinho P (2013)
Metabolomics analysis for biomarker discovery: advances and
challenges. Curr Med Chem 20(2):257–271
Ametaj BN (2015) A systems veterinary approach in understanding transition cow diseases: Metabolomics In: Proceedings of the
4th international symposium on dairy cow nutrition and milk quality, session 1, advances in fundamental research. pp 78–85
Karisa B, Thomson J, Wang Z, Li C, Montanholi Y, Miller S,
Moore S, Plastow G (2014) Plasma metabolites associated with
residual feed intake and other productivity performance traits in
beef cattle. Livest Sci 165:200–211
Clemmons BA, Mihelic RI, Beckford RC, Powers JB, Melchior
EA, McFarlane ZD, Cope ER, Embree MM, Mulliniks JT,
Campagna SR (2017) Serum metabolites associated with feed
efficiency in black angus steers. Metabolomics 13(12):147
Sun H-Z, Wang D-M, Wang B, Wang J-K, Liu H-Y, Guan LL, Liu
J-X (2015) Metabolomics of four biofluids from dairy cows: potential biomarkers for milk production and quality. J Proteome Res
14(2):1287–1298
Artegoitia VM, Foote AP, Lewis RM, Freetly HC (2017) Rumen
fluid metabolomics analysis associated with feed efficiency on
crossbred steers. Sci Rep 7:2864
Zhao S, Zhao J, Bu D, Sun P, Wang J, Dong Z (2014)
Metabolomics analysis reveals large effect of roughage types on
rumen microbial metabolic profile in dairy cows. Lett Appl
Microbiol 59(1):79–85
Aardema MJ, MacGregor JT (2002) Toxicology and genetic toxicology in the new era of Btoxicogenomics^: impact of B-omics^
technologies. Mutat Res Fundam Mol Mech Mutagen 499(1):13–
25
Desai C, Pathak H, Madamwar D (2010) Advances in molecular
and B-omics^ technologies to gauge microbial communities and
bioremediation at xenobiotic/anthropogen contaminated sites.
Bioresour Technol 101(6):1558–1569
Davis CD, Hord NG (2005) Nutritional Bomics^ technologies for
elucidating the role (s) of bioactive food components in colon
cancer prevention. J Nutr 135(11):2694–2697

