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Review: Shifts of rumen
microbiota by feeding
non-fibrous carbohydrates to
improve cattle performance

Johnny M. Souza', Pedro H. C. Ribeiro' and Danilo D. Millen*

Department of Animal Science, School of Agricultural and Veterinary Sciences, Sdo Paulo State
University (UNESP), Jaboticabal, S&o Paulo, Brazil

Ruminants play an essential role in food production due to their ability to utilize
forages through fermentation in the rumen. This fermentative chamber hosts
a diverse microbial community capable of degrading fiber and non-fiber car-
bohydrates, producing short-chain fatty acids (SCFAs) and microbial protein,
which are essential for the animal’'s metabolism. Throughout their evolution,
ruminants developed a symbiotic relationship with microorganisms specialized
in the degradation of plant fibers, enabling the use of forages as a dietary foun-
dation. However, modern intensive production systems have introduced con-
centrate ingredients to their diets (such as grains and industrial by-products),
which represent a significant departure from ancestral diets based exclusively on
forages. Dietary composition is the primary factor driving changes in the ruminal
microbiota and can significantly alter its composition. Variations in the forage-
to-concentrate ratio can drastically alter microbial activity, affecting the stability
of the ruminal ecosystem. Sequencing technologies and omics approaches have
enhanced the understanding of this ecology, allowing for more effective nutri-
tional interventions. The objective of this review is to assess how contemporary
diets in intensive production systems differ from ancestral, forage-only diets and
how these differences reshape the ruminal microbiota. To this end, we character-
ized the variations in the ruminal microbiota composition of animals fed high-
concentrate and high-forage diets, describing the specific microbial profiles of
each condition and identifying beneficial and potentially detrimental microorgan-
isms. This review synthesizes current evidence on how dietary transitions reshape
ruminal microbial cross-feeding networks and proposes an integrative framework
linking microbial symbiotic balance, rumen health, and production efficiency. By
emphasizing the dynamic regulation of microbial interactions rather than isolated
taxa, this work highlights cross-feeding stability as a central target for nutritional,
microbial, and genetic interventions in intensive ruminant production systems.
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1 Introduction

The evolution of ruminants over millions of years resulted in the development of a highly
specialized digestive system capable of extracting energy from fibrous plant materials through
a complex ruminal microbial community. This symbiotic relationship allowed ruminants to
occupy unique ecological niches, converting forages, indigestible to other mammals, into high
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nutritional value products such as meat and milk (Van Soest, 1994).
However, modern intensive production systems have introduced a
paradigmatic shift in the diets of these animals, incorporating high
proportions of concentrate ingredients that differ drastically from the
forages that shaped their evolution.

The rumen, one of the stomach compartments of ruminants, is
considered a natural bioreactor that houses a complex and highly spe-
cialized microbial community. The ruminal microbiota maintains a
symbiotic relationship with the host and facilitates the utilization of
indigestible plant materials; however, its structure is profoundly
altered in response to changes in diet composition. Like other mam-
mals, ruminants do not produce cellulolytic and hemicellulolytic
enzymes to digest plant compounds; instead, they depend entirely on
rumen microorganisms for this function (McCann et al.,, 2014;
Gruninger et al., 2019; Shen et al., 2019).

Based on this fact, modern diets appear to overlook the rumen
microbiota’s ability to degrade and ferment fiber. However, bacterial
communities that ferment fiber components remain in the rumen of
animals fed high-concentrate diets. Therefore, the central question
that emerges is: how distant are the diets used in current intensive
production systems from ancestral diets based exclusively on forages?
This question is fundamental to understanding the impacts of produc-
tive intensification on ruminal health and animal welfare. Studies in
beef and dairy cattle demonstrate that the transition from forage-
based diets to concentrate-rich diets results in profound alterations in
the ruminal microbiota, with significant implications for animal
health and productivity (Petri et al., 2013; Plaizier et al., 2017).

The ruminal microbiota, composed of trillions of microorganisms
divided into two groups of Prokaryotes (bacteria and archaea), two
groups of Eukaryotes (protozoa and fungi), and a vast population of
viruses, predominantly bacteriophages, is fundamental for the diges-
tion of complex nutrients present in the diet (Liu et al., 2022; Lobo and
Faciola, 2021). As the main end products of different metabolic path-
ways, the entire ruminal microbiota produces short-chain fatty acids
(SCFAs), microbial protein, heat, water, ATP, carbon dioxide, and
methane through fermentation. The microbiota is responsible for up
to 70% of the host’s daily energy requirement, and alterations in its
composition can drastically influence food digestion and methane
emissions (Cholewinska et al., 2021).

Forage-rich diets (high fiber content) favor the growth of fibrolytic
bacteria, such as Fibrobacter succinogenes, Ruminococcus flavefaciens,
and Ruminococcus albus, which act in the degradation of plant cell
walls (Fernando et al., 2010; Henderson et al., 2015). On the other
hand, high-concentrate diets (rich in starch) promote a greater abun-
dance of amylolytic bacteria, such as Streptococcus bovis and Prevotella
spp., while also reducing ruminal pH, which can compromise micro-
bial diversity and favor disorders like acidosis (Petri et al., 2013;
Plaizier et al., 2017). Abrupt changes in the forage-to-concentrate ratio
(F:C) can lead to loss of microbial stability and reduced fermentative
efficiency, representing a significant disruption of the evolutionarily
established system. In this context, recent advances in molecular biol-
ogy, such as next-generation sequencing, have enabled a deeper
understanding of microbial diversity and metabolic pathways in the
ruminal environment. In addition, to better characterize the func-
tional potential of the microbial metagenome, approaches such as
metabolomics, metatranscriptomics, and metaproteomics have been
utilized (McCann et al., 2014; Du et al., 2024).

This review aims to evaluate how distant the diets used in current
intensive cattle production systems are from ancestral diets based
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exclusively on forages, exploring the differences in ruminal microbiota
between animals fed high-concentrate versus high-forage diets, char-
acterizing the typical microbial profiles of each condition, and discuss-
ing the dynamics between beneficial and potentially detrimental
microorganisms.

2 Characteristics of the ruminal
microbiota

The ruminal microbiota is a highly diversified and densely popu-
lated ecosystem, composed of bacteria, protozoa, fungi, archaea, and
viruses. To understand the impact of modern intensive systems, it is
fundamental to contrast the ruminal microbiota of animals in systems
based exclusively on forages (representing the ancestral evolutionary
state) with that found in intensive production systems with high con-
centrate inclusion.

In animals maintained exclusively on pasture or forage-based
diets, the ruminal microbiota presents characteristics that reflect mil-
lions of years of coevolution. These systems maintain high microbial
diversity, a predominance of microorganisms specialized in fiber deg-
radation, stable ruminal pH (6.5-7.0), and slow, continuous fermenta-
tion. In contrast, in modern intensive production systems, the high
concentrate inclusion promotes dramatic alterations in this ecosystem
(Squizatti et al., 2023), resulting in reduced microbial diversity (Pinto
et al,, 2020), predominance of amylolytic microorganisms over fibro-
Iytic species (Pinto et al., 2023), reduced ruminal pH (Pinto et al,,
2023; Pacheco et al., 2023), and rapid and intense fermentation. These
shifts negatively affect pH-sensitive cellulolytic bacteria such as
Fibrobacter succinogenes and holotrich protozoa, while favoring amy-
lolytic populations like Entodinium (Pinto et al., 2023). This transition
represents a critical period that demands specific adaptation protocols
to prevent metabolic disorders (Rigueiro et al., 2021; Silvestre et al.,
2023; Pinto and Millen, 2018).

Weimer (2015) describes the ruminal microbial community as
redundant, resilient, and dependent on host individuality. Indeed, in
the rumen, different microbial taxa are involved in the degradation of
the same substrate, competing with each other for its utilization. This
redundancy is not yet fully understood but may be involved in carbo-
hydrate digestion (Gruninger et al., 2019). This hypothesis is rein-
forced by other studies (Taxis et al., 2015; Weimer, 2015), which show
that alterations in microbial community composition do not always
result in substantial changes in fermentation parameters, such as pH
and SCFA concentration (Taxis et al., 2015). The redundancy of the
ruminal microbiota also reflects the system’s resilience: some studies
demonstrated the ability of rumen microorganisms to restore their
structure after suffering different perturbations, such as temperature
variations or alterations in ruminal pH (Weimer, 2015). Furthermore,
other studies have reported a strong correlation between the produc-
tive efficiency of ruminants—including feed conversion, average daily
gain, average daily intake, total weight gain, residual feed intake, milk
production and quality—and ruminal microbial profiles in both beef
and dairy cattle (Liu et al., 2022; Wang and Guan, 2022).

2.1 Bacteria

Bacteria are the most abundant (10" cells/mL) and metabolically
active microorganisms in the rumen. They possess numerous
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enzymatic activities and can be classified based on their preferred sub-
strates (cellulolytic, amylolytic, proteolytic, lipolytic) and fermentation
products. The dominant phyla include Firmicutes and Bacteroidetes,
which together represent the majority of the bacterial community.
Other important phyla are Proteobacteria, Actinobacteria, and
Spirochaetes (Gruninger et al., 2019). Recent studies have demon-
strated that the rumen presents a “core bacterial microbiome,” which
is present in ruminants worldwide and includes members of different
taxa, such as Prevotella spp., Butyrivibrio spp., Ruminococcus spp.,
members of the Ruminococcaceae and Lachnospiraceae families, and
the Clostridiales and Bacteroidales orders (Henderson et al., 2015;
Weimer, 2015).

The Clostridia class belongs to the Firmicutes phylum and is
mainly involved in protein degradation. Key fibrolytic genera include
Fibrobacter succinogenes, Ruminococcus flavefaciens, and Butyrivibrio
fibrisolvens, which degrade cellulose, xylans, and pectins. However,
recent metagenomic approaches have identified numerous additional
bacterial taxa with fibrolytic, proteolytic, and other metabolic capabili-
ties, many of which are highly sensitive to dietary changes and F:C
ratio (Wang et al., 2019). Additionally, Anaerovibrio lypolitica decom-
poses fat and Megasphaera elsdenii utilizes glucose and lactate (Cabral
and Weimer, 2024). The Bacilli class degrades proteins by secreting
proteolytic enzymes (Palmonari et al., 2024). Another important
phylum is Bacteroidetes, a group of gram-negative bacteria that
includes the genus Prevotella. Prevotella bryantii and Prevotella rumi-
nicola belong to this genus, whose many catabolic activities include
assisting cellulolytic microorganisms in plant cell wall degradation
through synergistic action with cellulolytic bacteria (Cholewinska et
al., 2021). Bacteroidetes are also characterized by their ability to syn-
thesize different vitamins, such as B1, B2, B7, B9, and B12. These vita-
mins are important for various functions in the rumen, such as amino
acid, lipid, and carbohydrate metabolism, and act as cofactors in
essential proteins that sustain cellular function in the ruminal micro-
bial community and also for the host (Hernandez et al., 2014). Cobalt
is required for vitamin B12 synthesis by ruminal microorganisms,
which acts as a coenzyme for methylmalonyl-CoA mutase, an essen-
tial enzyme in the conversion of propionate to glucose via the succi-
nate pathway (Gonzalez-Montafia et al, 2020; Girard and
Duplessis, 2023).

As we will see later in this review, the Firmicutes and Bacteroidetes
phyla are directly influenced by diet composition. The Firmicutes
phylum tends to be more abundant in forage-rich diets, as many of its
representatives possess the ability to degrade fibers and produce
SCFA, such as acetate and butyrate (Clemmons et al., 2019; Gruninger
et al., 2019; De Mulder et al., 2018). On the other hand, the
Bacteroidetes phylum generally increases its relative abundance in
diets with greater concentrate inclusion, due to its specialization in the
degradation of non-fibrous polysaccharides and starches (Clemmons
et al., 2019; Petri et al., 2013; De Mulder et al., 2018). Furthermore,
high-forage diets usually favor greater bacterial diversity in the rumen,
promoting a more stable and functionally diversified microbial eco-
system (Henderson et al., 2015). At a finer functional level, distinct
families and genera within these phyla exhibit specialized enzymatic
systems that reflect their dietary niches. Members of the
Ruminococcaceae family within the Firmicutes phylum are key
degraders of structural carbohydrates, secreting cellulases and xyla-
nases that enable the breakdown of cellulose and hemicellulose (Flint
et al., 2008; Gruninger et al., 2014; Huws et al., 2018). In contrast,
genera such as Prevotella within the Bacteroidetes phylum are highly
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adapted to the utilization of non-fiber carbohydrates, producing amy-
lases and glycosidases that facilitate the rapid fermentation of starches
and soluble polysaccharides (Purushe et al., 2010; Stewart et al., 2018;
Accetto and Avgustin, 2019). These functional differences help explain
the contrasting responses of Firmicutes and Bacteroidetes to changes
in the F:C ratio (Henderson et al., 2015; Gruninger et al., 2019).

Thus, the transition from diets based predominantly on forages to
intensive systems with high concentrate content represents one of the
most striking changes in ruminant nutrition. This transition is not
limited to merely an adjustment in the profile of substrates available
for fermentation but triggers a series of consequences on microbiota
balance, ruminal health, and productive efficiency. From a microbio-
logical perspective, this dietary change drastically alters the composi-
tion and function of the ruminal microbiota. In high-forage diets,
fibrolytic bacteria such as Fibrobacter succinogenes and Ruminococcus
albus/Flavefaciens predominate, which depend on plant cell wall deg-
radation (Van Soest, 1994; Russell and Rychlik, 2001). In high-con-
centrate diets, there is a relative increase in amylolytic bacteria, such
as Streptococcus bovis and Prevotella spp., in addition to the prolifera-
tion of lactate-utilizing bacteria, such as Selenomonas ruminantium
and Megasphaera elsdenii, fundamental for preventing lactate accu-
mulation (Morgavi et al., 2013; Petri et al,, 2013). This functional sub-
stitution affects the nature of the metabolites produced, with a higher
proportion of propionate and butyrate at the expense of acetate, alter-
ing the energy balance available to the host (Bannink et al., 2008;
Huws et al., 2018).

To illustrate the impact of dietary composition on ruminal micro-
bial diversity, we reanalyzed data from Pinto et al. (2020), who evalu-
ated the ruminal microbiota of Nellore cattle during dietary transition
from high-forage to high-concentrate diets (Figure 1). Using 16S
rRNA gene sequencing, microbial richness (Chaol index) and diver-
sity (Shannon index) were significantly higher in the high-forage diet
compared to the high-concentrate diet, with Chaol decreasing by 39%
(from 1,637 + 491 to 1,002 £ 276, p < 0.001) and Shannon diversity
decreasing by 24% (from 5.09 + 0.22 to 3.84 + 0.58, p < 0.001). The
adaptation phase showed intermediate values, reflecting the transi-
tional nature of the diet. This shift toward a less diverse microbial
community may increase susceptibility to metabolic disorders such as
ruminal acidosis (Plaizier et al., 2008; Khafipour et al., 2009). However,
modern feedlot management practices have successfully mitigated
these risks through strategic interventions, including balanced diet
formulation, gradual adaptation protocols, appropriate grain process-
ing methods, and the use of feed additives such as ionophores and
buffers (Nagaraja and Titgemeyer, 2007; Monsalve and Millen, 2025).
When properly managed, high-concentrate diets enable substantial
improvements in animal performance and feed efficiency without
compromising ruminal health, as evidenced by the widespread success
of intensive beef production systems worldwide (Owens et al., 1998;
Rigueiro et al.,, 2021; Rigueiro et al., 2023; Silvestre et al., 2023).
Understanding the specific microbial populations that dominate
under different dietary conditions is therefore essential for optimizing
both productivity and animal welfare.

2.2 Archaea

Archaea (10° cells/mL) are responsible for methane production
through hydrogenotrophic, methylotrophic, or, to a lesser extent, ace-
toclastic Methanobrevibacter

pathways. gottschalkii  and

Methanobrevibacter ruminantium are the most abundant archaea in
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ecosystem, whereas concentrate-rich diets reduce community complexity.

Changes in rumen microbial a-diversity at different dietary stages (Data Source: Pinto et al., 2020). Alpha diversity of the ruminal microbiota was
evaluated in six cannulated Nellore bulls using 16S rRNA gene sequencing (V4 region) in a replicated 3 x 3 Latin square design. Animals were subjected
to three dietary stages differing in forage-to-concentrate (F:C) ratio: pre-adaptation (high forage; F:C = 80:20), adaptation (transitional; F:C = 50:50),
and finishing (high concentrate; F:C = 20:80). (A) Microbial richness estimated by the Chaol index decreased by 39% from pre-adaptation (1,637 + 491)
to finishing (1,002 + 276) (Kruskal-Wallis: y* = 17.18, p < 0.001). (B) Microbial diversity estimated by the Shannon index decreased by 24% from pre-
adaptation (5.09 + 0.22) to finishing (3.84 + 0.58) (Kruskal-Wallis: 4> = 30.38, p < 0.001). Boxplots represent the median (central line), interquartile range
(box), and whiskers (1.5 X IQR). Individual samples are shown as gray dots, and white diamonds indicate group means. Error estimates are expressed as
standard deviation. Overall, forage-rich diets support greater microbial diversity and richness, contributing to a more complex and stable ruminal

the rumen (Gruninger et al., 2019). Most of them utilize CO, and H,,
produced by non-methanogenic microorganisms, in the methanogen-
esis process, with electron donors for hydrogen production being
mainly carbohydrates, but also alcohols and organic acids. Thus,
archaea prevent excessive production of ethanol and lactate during
fermentation, using these compounds as H, donors (Cholewinska et
al,, 2021).

This hydrogenotrophic methanogenesis, mainly carried out by the
genus Methanobrevibacter, is crucial for preventing the accumulation
of hydrogen and maintaining ruminal fermentation. However, this
process represents a significant energy loss for the host and contrib-
utes to greenhouse gas emissions (Janssen and Kirs, 2008; Morgavi et
al.,, 2010). Forage-rich diets generally promote greater methanogenesis
due to the fermentative profile being more favorable to hydrogen pro-
duction (Beauchemin et al., 2020).

Methanogenic archaea also suffer impact during diet transition.
While forage diets sustain a more diverse methanogenic community,
associated with hydrogen fermentation derived from fiber degrada-
tion, concentrate diets tend to reduce archaeal diversity and favor
certain methanogenic species (Plaizier et al., 2017; Janssen and Kirs,
2008). This shift in community composition can modify hydrogen
fluxes and reduce the availability of H, for methane production, as the
greater use of hydrogen for propionate production in high-concen-
trate diets decreases methane formation (Lin et al., 2023), with both
environmental and productive implications.

2.3 Fungi

Fungi (10°~10° zoospores/mL), although less abundant than bac-
teria, are crucial in the degradation of lignified fibers and their popula-
tions fluctuate as a function of diet. The phylum Neocallimastigomycota
is the most dominant in ruminants and includes the genera:
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Anaeromyces, Caecomyces, Cyllamyces, Neocallimastix, Orpinomyces,
and Piromyces (Cholewinska et al., 2021; Sanjorjo et al., 2023).

Anaerobic fungi participate in fiber degradation and produce a set
of enzymes (cellulolytic, hemicellulolytic, glycolytic, and proteolytic)
that allow the degradation of plant structural polymers and increase
the surface area available for colonization by other microorganisms.
This increase occurs due to physical penetration and rupture of plant
tissue by fungi as they grow (Akin and Borneman, 1990; Hess et al.,
2011). Anaerobic fungi, including members of the phylum
Neocallimastigomycota and other fungal groups, have the ability to
colonize and degrade lignified fibers, an important process in forage-
rich diets (Orpin and Joblin, 1997; Gruninger et al., 2014). They physi-
cally fragment plant structures, exposing cellulose and hemicellulose
for action by other microorganisms, promoting fiber digestibility.

Ruminal fungi are generally associated with forage-rich diets, and
their abundance decreases with the addition of concentrates
(Cholewinska et al., 2021; Gruninger et al., 2019). Thus, anaerobic
fungi, important in initial fiber degradation through perforation of
plant cell walls, lose competitive space in high-concentrate diets, with
negative consequences on the digestibility of residual forages (Orpin
and Joblin, 1997; Edwards et al., 2017). It is noteworthy to mention
that most fungi species are pH sensitive, and the accumulation of
SCFA in the rumen may negatively impact their ability to grow
(Griffith et al., 2009).

2.4 Protozoa

Ruminal protozoa (10°-10° cells/mL) belong to the genera
Isotricha, Dasytricha, Entodinium, Diplodinium, Endiplodinium, and
Epidinium. The role of protozoa in the ruminal ecosystem is somewhat
controversial (Weimer, 2015; Cholewinska et al., 2021; Costa-Roura
etal., 2022).
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Ciliated protozoa, particularly from the Entodiniomorphida and
Holotricha families, present heterogeneous responses as a function of
diet transition. While forage-rich diets favor greater diversity and
population density, starch-rich diets tend to reduce ciliate abundance,
especially in situations of abrupt ruminal pH drop (Newbold et al.,
2015). Notably, there is a differential sensitivity to this pH drop among
protozoan groups: holotrichs, such as Isotricha and Dasytricha, are
generally considered more sensitive to acidic conditions than ento-
diniomorphs, like Entodinium and Diplodinium, which are more toler-
ant of lower pH environments (Nagaraja and Titgemeyer, 2007). This
reduction can compromise starch sequestration processes and fer-
mentation modulation, affecting ruminal cross-feeding balance. The
protozoan population also tends to decrease in response to rumen
acidification and increased ruminal content passage rate (Morgavi et
al.,, 2010; Weimer, 2015). However, some protozoan species may thrive
depending on starch availability in the diet (Williams and
Coleman, 1992).

Defaunation studies have demonstrated that protozoa are not
essential for rumen function, but their absence can influence food
digestion (Mizrahi and Jami, 2018). Protozoa can engulf starch gran-
ules in the rumen and compete with amylolytic bacteria for substrate,
reducing starch fermentation rate and the risk of ruminal acidosis.
Furthermore, ruminal ciliated protozoa are associated with methane
production through epi- and endosymbiotic relationships with metha-
nogens (Gruninger et al., 2019; Solomon et al., 2022). Additionally,
ciliated protozoa play an ambiguous role in the rumen. On one hand,
they help stabilize pH by consuming starch and controlling bacterial
populations (Williams and Coleman, 1992). On the other hand, they
host methanogenic archaea in symbiosis, increasing methane produc-
tion (Finlay et al., 1994). Furthermore, they prey on beneficial bacte-
ria, which can reduce microbial protein synthesis efficiency, negatively
impacting animal performance under certain conditions (Newbold et
al,, 2015).

2.5 Viruses

Viruses, particularly bacteriophages (phages), are the most
numerous biological entities in the rumen, with concentrations esti-
mated at 107-10° virus-like particles (VLPs) per milliliter of ruminal
fluid, vastly outnumbering their microbial hosts (Lobo and Faciola,
2021). Despite their abundance, the rumen virome remains one of the
least understood components of this ecosystem, often referred to as
“viral dark matter” because of the high proportion of sequences that
do not match known viral genomes (Yan et al., 2023). The dominant
viral families identified in the rumen belong to the order Caudovirales,
which are tailed phages, comprising primarily Siphoviridae,
Myoviridae, and Podoviridae (Gilbert et al., 2020).

The primary mechanism by which viruses influence the rumen
microbiota is through a predator-prey dynamic. In the lytic cycle,
phages infect and lyse their bacterial and archaeal hosts, a process that
directly shapes microbial community structure and diversity. This top-
down control prevents any single microbial species from becoming
overly dominant, thereby maintaining ecosystem stability and pro-
moting biodiversity (Anderson et al., 2017). This viral-mediated lysis
also contributes to nutrient cycling within the rumen through the
“viral shunt,” where organic matter from lysed cells is released back
into the environment, becoming available for other microorganisms.

Beyond predation, viruses are powerful agents of horizontal gene
transfer. Through the lysogenic cycle, phages can integrate their
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genetic material into a host’s genome as a prophage. These prophages
can carry auxiliary metabolic genes (AMGs), which may confer
novel functional capabilities to the host, such as enhanced carbohy-
drate degradation or vitamin synthesis (Sato et al., 2024). This “bot-
tom-up” effect can alter the metabolic potential of the microbial
community, directly impacting feed digestion efficiency and the
profile of fermentation end-products. For instance, phages are
known to infect key fibrolytic bacteria, such as Fibrobacter and
Ruminococcus, as well as methanogenic archaea, like
Methanobrevibacter. By modulating the populations and functions
of these critical microbes, the rumen virome has significant, though
still largely unquantified, effects on fiber digestion, methane produc-
tion, and overall host productivity (Wu et al, 2024; Yan and
Yu, 2024).

Diet composition also appears to modulate rumen phage-host
dynamics by indirectly shaping bacterial growth rates and metabolic
activity. Diet-driven shifts in substrate availability influence microbial
turnover and ecological dominance, which in turn affect bacterio-
phage infection strategies and host specificity (Anderson et al., 2017;
Gilbert et al., 2020). Under high-concentrate diets, the increased
abundance and activity of rapidly fermenting and amylolytic bacteria
may favor higher phage infection rates targeting these populations,
whereas forage-rich diets tend to support phage communities more
closely associated with fibrolytic bacteria and structurally complex
substrates (Yan et al., 2023; Wu et al., 2024). This selective pressure
imposed by diet-driven microbial restructuring suggests that bacte-
riophages may play an active role in the adaptive remodeling of the
ruminal microbiota during dietary transitions, contributing to the
stabilization or destabilization of cross-feeding networks through top-
down control and auxiliary metabolic functions (Sato et al., 2024).

Taken together, the taxonomic composition and functional roles
of bacteria, archaea, fungi, protozoa, and viruses described above pro-
vide the ecological and metabolic foundation of the ruminal ecosys-
tem. These microorganisms do not act in isolation; rather, their
interactions and functional redundancy determine the resilience, effi-
ciency, and stability of ruminal fermentation. Dietary composition is
the primary driver capable of reshaping these microbial interactions,
selectively favoring specific functional guilds and altering cross-feed-
ing networks. In this context, understanding how distinct dietary pat-
terns modulate the structure and function of the ruminal microbiota
is essential. The following section therefore focuses on comparing
microbial community profiles and interaction mechanisms under
forage-rich and concentrate-rich diets.

3 Ruminal microbiota profile in
different diets

Diet plays a crucial role as a modulator of the ruminal micro-
biota, being able to influence its composition and activity in all
phases of cattle growth. Each variation in the physical and chemical
composition of the diet creates a specific niche that selects particular
microorganisms (Gruninger et al., 2019). Newbold and Ramos-
Morales (2020) summarized the main objectives of ruminal micro-
biome manipulation through diet: improving the nutritional
composition of ruminant products, promoting animal health, pre-
venting toxin accumulation, reducing pathogen development,
decreasing the environmental impact of livestock (with reduction in
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greenhouse gas emissions), optimizing the production of SCFA and
microbial protein, in addition to reducing ammonia production in
the rumen.

The diet of adult ruminants is generally based on forages, which
provide fibrous fractions (mainly pectins, cellulose, hemicellulose,
and lignin), complemented with concentrates to balance energy,
nitrogen, amino acid, mineral, and vitamin requirements.
Alterations in the chemical composition of forages or the addition
of concentrates to the diet can also modify the composition of the
ruminal microbial community (Gruninger et al., 2019). A high
forage content in the diet reduces the risk of ruminal acidosis and
favors the growth of specific microorganisms, such as
cellulolytics.

On the other hand, high-concentrate diets may decrease ruminal
pH and negatively affect bacterial richness and diversity (Sanjorjo et
al,, 2023). The sensitivity of the rumen to acidification is drastically
increased by microbiota disruption, also known as disbiosis. In forage-
based systems, microbial diversity and cross-feeding networks provide
multiple buffering and pH stabilization mechanisms. When these net-
works are broken, the rumen becomes highly susceptible to pH fluc-
tuations, potentially developing acute or subacute ruminal acidosis,
conditions practically nonexistent in animals maintained exclusively
on pasture. Furthermore, the inclusion of plant secondary metabolites,
such as tannins, in ruminant diets can act as a source of stress for
ruminal microorganisms, while the administration of probiotics
(yeasts) can increase the abundance of certain microbial strains
(Costa-Roura et al., 2022).

Thus, the transition from forage-rich diets to those with greater
concentrate inclusion is a critical point in ruminant nutrition, espe-
cially in intensive meat and milk production systems. This change
implies not only a modification in the supply of fermentable substrates
to the rumen, but also a profound restructuring of microbial interac-
tions (cross-feeding), ruminal physiology, and animal metabolism.
The consequences of this transition can be analyzed in two comple-
mentary dimensions: (i) negative effects, related to ruminal ecosystem
disruption, acidosis risk, and loss of microbial diversity; and (ii) posi-
tive effects, associated with increased energy utilization efficiency and
greater animal productivity, when nutritional management ensures
balance between fermentation, absorption, and adaptation (Plaizier et
al.,, 2008; Dijkstra et al., 2012; Henderson et al., 2015).

3.1 Ruminal cross-feeding and diet
transition

Cross-feeding describes the exchanges of metabolites, electrons,
and cofactors between microorganisms that allow the ruminal com-
munity to function as a highly interdependent consortium. In the
rumen, this includes, above all, (i) interspecific hydrogen transfer
(THT) between H, producers (e.g., cellulolytic bacteria, fungi, and cili-
ated protozoa) and H, consumers (methanogenic archaea and fuma-
rate/nitrate-reducing bacteria) (Greening et al., 2019; Ungerfeld,
2020), and (ii) the transfer of carbon intermediates (lactate, formate,
succinate, ethanol, malate, amino acids, mono/oligosaccharides)
between guilds that degrade plant polymers and guilds that ferment/
convert intermediates (Solden et al., 2018). This view, now supported
by high-resolution meta-omics techniques, shows that plant polysac-
charide degradation is literally “orchestrated” by cross-feeding chains
that connect Bacteria, Archaea, Fungi, and Protozoa (Solden et al.,
2018) (Figure 2).
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3.2 Cross-feeding in equilibrium state

In diets with high forage proportion, the fibrolytic consortium
assumes a central role: bacteria such as Ruminococcus, Fibrobacter,
and Butyrivibrio/ Pseudobutyrivibrio act complementarily in fiber deg-
radation, releasing sugars and oligosaccharides that serve as immedi-
ate substrate for secondary fermenters. This network is strengthened
by anaerobic fungi (Neocallimastigomycota), which physically pene-
trate the plant wall, exposes new substrates, and secretes a broad-
spectrum of CAZymes. Their hydrogenosomes produce H, and
formate, which are transferred to methanogenic archaea through
interspecies hydrogen transfer (IHT) (Gruninger et al.,, 2014). Ciliated
protozoa also contribute to preying on bacteria and restructuring the
trophic web, as well as they accumulate starch and particles, helping
to buffer fermentative peaks. They also release H,, which is utilized by
symbiont archaea in ecto- or endosymbiotic relationships (Newbold
et al,, 2015). The result of this arrangement is a SCFA profile domi-
nated by acetate and butyrate, efficient methanogenesis (maintaining
low H, partial pressure), and greater resilience to oscillations in fiber
supply (Greening et al., 2019; Henderson et al., 2015).

The IHT constitutes the thermodynamic pillar of this equilibrium:
by removing H, via methanogenesis or alternative routes (such as
fumarate reduction to succinate/propionate, or nitrate/nitrogen oxide
reduction), where cellulolytic fermentation is favored. This increases
ATP yield and fiber degradation rate (Ungerfeld, 2020). Evidence from
co-cultivation and meta-transcriptomics confirms this mechanism,
showing that hydrogenases modulate their expression according to H,
availability or removal—reinforcing the role of this gas as the central
“redox currency” in the rumen (Greening et al., 2019).

3.3 What destabilizes cross-feeding?

The shift toward amylolytic and lactate-producing microorgan-
isms during rapid concentrate inclusion creates a selective pressure
that fundamentally alters ruminal ecosystem stability. When the pro-
duction of fermentation end-products exceeds the ruminal buffering
capacity, acidification of the environment occurs, triggering a cascade
of ecological consequences that extend beyond simple compositional
changes in the microbial community. The selective pressure caused by
low pH reduces species richness and simplifies cross-feeding net-
works. Ciliated protozoa, important in starch fermentation modula-
tion and protein recycling, have their population drastically reduced
in more acidic environments (Williams and Coleman, 1992).
Anaerobic fungi, essential in initial fiber fragmentation and structural
sugar availability, also lose competitiveness. Consequently, microbial
ecology becomes dominated by restricted and more resilient groups,
increasing the risk of functional instability (Wang et al., 2023; Tapio
et al., 2017). Within this acidified environment, specific metabolic
guilds become particularly vulnerable to pH stress. Lactate-utilizing
bacteria may be depleted at pH below 5.4, while lactate-producing
species such as Streptococcus bovis and Lactobacillus spp. proliferate
at pH below 5.6 (Owens et al., 1998; Nagaraja and Titgemeyer, 2007).
This metabolic imbalance exacerbates lactate accumulation and fur-
ther pH decline, creating a positive feedback loop that compromises
ecosystem resilience (Plaizier et al., 2008).

The reduction in microbial richness and diversity can compromise
system functionality and resilience, making it more susceptible to
pathogen invasion (Fernando et al., 2010; Zhang et al., 2017).
However, studies have shown that more efficient cows present lower
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Conceptual representation of ruminal cross-feeding networks under forage-rich and concentrate-rich diets. (A) (Forage-rich diet—Balanced cross-
feeding network): In forage-based diets, a complex and stable cross-feeding network is established. Fibrolytic bacteria degrade plant fiber into
fermentative products such as acetate, succinate, and lactate, while also releasing gaseous substrates (H, and CO,) as by-products of anaerobic
fermentation. These metabolites are efficiently utilized by secondary fermenters: lactate- and succinate-utilizing bacteria convert these intermediates
into propionate and butyrate, whereas methanogenic archaea consume H, and CO, to produce methane (CH,). This coordinated metabolic interaction
maintains ruminal pH within the physiological range (6.5-7.0) and supports a balanced profile of short-chain fatty acids (SCFAs: acetate, propionate,
and butyrate). (B) (Concentrate-rich diet—disrupted cross-feeding network): In concentrate-rich diets, rapid fermentation of starch and other non-
fibrous carbohydrates by amylolytic bacteria leads to excessive lactate production, overwhelming the capacity of lactate-utilizing bacteria (indicated by
dashed borders). Simultaneously, reduced fiber availability decreases the production of H,, limiting methanogenic activity (shown as reduced activity
with dashed borders). Lactate accumulation results in a sharp decline in ruminal pH (<5.5), leading to metabolic imbalance and acidosis. Circles
represent major microbial functional groups, including fibrolytic bacteria, amylolytic bacteria, lactate-utilizing bacteria, and methanogenic archaea.
Rectangular boxes represent substrates, fermentation products, or metabolic outcomes within the ruminal ecosystem. Solid arrows indicate active
metabolic pathways, whereas dashed arrows and dashed borders indicate reduced, overloaded, or destabilized processes under concentrate-rich

microbial richness and diversity in the rumen (Shabat et al., 2016;
Lopes et al.,, 2021). This finding suggests that high diversity is not
always an essential condition for nutritional wellbeing, as long as
animal requirements are met and the adaptation period to high-con-
centrate diets is respected. For example, Fernando et al. (2010)
observed that the gradual inclusion of grains during the adaptation
period increased bacterial richness and diversity due to the greater
supply of available substrates and the establishment of new metabolic
niches. Zhang et al. (2017) reported that cattle subjected to the limit-
feeding strategy with high concentrate levels (up to 80%) showed
altered ruminal fermentation and reduced bacterial diversity, although
animal performance and nutritional requirements were maintained
through controlled feeding management. However, as emphasized by
Weimer (2015), bacterial functionality in the rumen is frequently
redundant among different taxa, so predicting function based solely
on microbial abundance can be imprecise. Thus, the discussion should
focus on the balance between yield and rumen stability: although
high-concentrate diets generally reduce microbial diversity—some-
thing that, in humans, would be associated with pathological imbal-
ances—in well-managed and adapted ruminants this does not
necessarily imply harm to health or welfare, as long as nutritional
requirements are fully met and acidosis and inflammation prevention
strategies are applied.

The first axis to collapse under high starch load is that of lactate.
The phylum Bacteroidetes (especially the genus Prevotella) and some
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members of Firmicutes (such as Streptococcus bovis and Lactobacillus
spp.) tend to increase in high-concentrate diets due to their ability to
ferment rapidly digestible carbohydrates. However, the proportion
between Firmicutes and Bacteroidetes can be complex and variable.
Although Bacteroidetes are frequently associated with carbohydrate-
rich diets, the pH drop in high-concentrate diets can favor the prolif-
eration of certain acid-tolerant Firmicutes species, such as
Streptococcus bovis, which are one of the major lactate producers. In
many studies, the Firmicutes:Bacteroidetes ratio increases in high-
concentrate diets, especially under acidosis conditions, reflecting a
shift toward a microbial profile more adapted to acidic environments
with high starch availability (Palmonari et al., 2024; Zhang et al., 2017).

Thus, Streptococcus bovis and Lactobacillus (rapid lactate produc-
ers) thrive at lower pH. Under normal ruminal conditions, this lactate
is efficiently consumed by two main bacterial groups with distinct
metabolic pathways: Megasphaera elsdenii, which converts lactate to
propionate (and other short-chain fatty acids such as acetate, butyrate,
and valerate) via the acrylate pathway (encoded by the lcdA gene for
lactoyl-CoA dehydratase), and Selenomonas ruminantium, which pro-
duces propionate primarily via the succinate pathway (involving
methylmalonyl-CoA decarboxylase, mmdA gene) (Counotte et al.,
1981; Reichardt et al., 2014; Cabral and Weimer, 2024). The current
consensus is that M. elsdenii is the major lactate user in high-grain
diets, while S. ruminantium acts as a significant but secondary con-
(Cabral 2024). However, if the

tributor and Weimer,
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lactate-consuming capacity does not grow in proportion to the pro-
ducing capacity, lactate accumulates, intensifies acidification, inhibits
fibrolytic bacteria, and disrupts redox pathways (Owens et al., 1998).
This imbalance also affects propionate formation routes, which in
high-concentrate diets depend on two main cross-feeding axes: (i) suc-
cinate — propionate pathway (mediated by Bacteroidetes and
Selenomonadales) and (ii) lactate — propionate pathway (mediated by
Megasphaera, via the acrylate pathway) (Counotte et al., 1981; Reichardt
etal., 2014; Tapio et al., 2017; Desvignes et al., 2025). When well coupled,
these routes compete with methanogenesis for H,/reduced electrons,
reducing the CH, fraction and increasing energy efficiency (through
greater propionate production). In other words, greater propionate pro-
duction, a SCFA that consumes hydrogen, can reduce the availability of
this substrate for methanogenic archaea (Janssen, 2010). Simultaneously,
the reduced pH associated with these diets can inhibit some methano-
genic archaeal species, although others, more acid-tolerant, can adapt
and remain active, such as Methanobrevibacter boviskoreani, capable of
thriving at pH close to 5.5 (Lee et al., 2013). This alteration represents a
disruption of biogeochemical cycles evolutionarily established in the
rumen, by shifting hydrogen flow from methanogenic pathways to alter-
native routes such as propionate formation, with implications for energy
efficiency and methane emissions. However, if pH drops excessively
(below 5.5), the succinate pathway becomes less efficient, and although
the acrylate pathway can partially compensate, the pH sensitivity of key
lactate-utilizing bacteria (M. elsdenii and S. ruminantium) leads to lac-
tate accumulation rather than succinate accumulation (Chen et al., 2019;
Cabral and Weimer, 2024). Under these conditions, the metabolic net-
work loses modularity and functional redundancy (Tapio et al., 2017).
Protozoa enter this scenario with an ambivalent role. On one hand,
they can store starch and attenuate fermentative peaks; on the other, they
maintain close symbioses with methanogens (ecto/endo), providing H,
and formate (Newbold et al., 2015). Thus, protozoa defaunation reduces
CH, (about 5-15%) and increases microbial protein flow to the intestine,
but its effects on pH and fiber degradation vary according to context
(Solomon et al., 2022). In high-concentrate diets, changes in protozoan
structure and their associated archaea correlate with both CH, emissions
and the reorganization of trophic interactions (Newbold et al., 2015).
Anaerobic fungi also suffer impact. In diets containing high level
of forage, they break the plant wall with rhizoids and release polymers
of difficult access. However, at chronically reduced rumen pH and
with lower effective fiber supply, their abundance and activity drop,
decreasing synergies with fibrolytic bacteria and IHT with methano-
gens (Gruninger et al., 2014). In practice, this leads to less redundancy
in fiber attack and greater dependence on amylolytic and rapid fer-
menting guilds (Solden et al., 2018).
with stable
Methanobrevibacter (especially co-associated with protozoa), highly

Finally, even relatively abundance  of
fermentable diets can reduce the relative participation of methanogen-
esis in the redox balance, due to greater electron drainage for propio-
nate formation. Still, the physicochemical adhesion of methanogens
to protozoa and particles (e.g., via adhesins) facilitates IHT, preserving
methanogenesis even at moderately acidic pH—until the point where

lactate/propionate coupling finally breaks it (Filomena et al., 2016).

3.4 Ruminal cross-feeding: balance and
imbalance

Co-occurrence analyses and multi-kingdom networks show that,
as the concentrate fraction grows, the ruminal community tends to
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present lower complexity, with fewer connections between modules
(e.g., between fibrolytics and intermediate consumers) and greater
fragility when faced with perturbations such as pH drop or oscillations
in starch load (Tapio et al., 2017). On a global scale, surveys confirm
that diet is the main determinant of community structure, more than
the host itself (Henderson et al., 2015). Thus, the properties of the
cross-feeding network are highly plastic and substrate-driven.

This equilibrium, however, does not depend only on the micro-
biota: it is also regulated by the host. From a physiological perspective,
dietary transition is directly reflected on the ruminal epithelium. In
high-forage diets, the epithelium presents shorter and sparser papillae,
adequate for an environment of moderate SCFA production. The
introduction of concentrates stimulates papillae hyperplasia and elon-
gation, increasing absorptive capacity, especially of butyrate, which is
the main inducer of epithelial cell differentiation (Dirksen et al., 1985;
Steele et al., 2011). However, in situations of rapid or poorly managed
transition, absorption may not keep pace with the SCFA production
rate, favoring subclinical ruminal acidosis (SARA) and, in extreme
cases, acute acidosis (Plaizier et al., 2008).

In this context, acid—base balance results from the interaction
between SCFA/lactate production, H, consumption, epithelial absorp-
tion, and buffering capacity (saliva). The epithelium adapts to more
fermentable diets through hyperkeratosis, papillogenesis, and coordi-
nated regulation of transporters/lipid metabolism (Steele et al., 2011;
Shen et al., 2019). This increases SCFA absorption and helps stabilize
pH, a condition in which pro-propionate cross-feeding is maintained
and performance improves (Aschenbach et al., 2011). When adapta-
tion is insufficient, or the fermentable load grows too rapidly, the spec-
trum of SARA (subacute ruminal acidosis) to acute acidosis is
established (Plaizier et al., 2017), marked by the mismatch between
acid production and removal and by the collapse of the lactate/propio-
nate axis (Owens et al., 1998; Plaizier et al., 2012).

In summary, we can synthesize the states of the cross-feeding net-
work into three scenarios:

I Stable resilient type (high-forage diet)—dense and modular
network; efficient IHT (methanogenesis + alternatives); high
fibrolytic redundancy; abundant fungi and protozoa; stable
pH; metaproteomes reveal complete fiber — sugar — SCFA
chains (Solden et al., 2018; Ungerfeld, 2020).

I Highly efficient coupled type (balanced concentrate diet with
adequate adaptation)—well-synchronized succinate and lac-
tate — propionate routes; lower relative CH,; higher propio-
nate/efficiency; epithelium with high absorption capacity;
protozoa and methanogens maintain IHT and avoid redox
feedback, without excess lactate (Greening et al., 2019; Steele
etal, 2011).

III Inefficient and imbalanced type (high-concentrate diet with
rapid or inadequate transition)—considerable increase in lac-
tate producers; insufficient consumers; pH drop; loss of fungi/
fibrolytics; simplified networks; methanogenesis loses relative
participation but may persist via protozoa; risk of SARA/aci-
dosis (Owens et al., 1998; Plaizier et al., 2012).

Thus, the nutritional objective is not to “abolish” disruption, but
to redirect it toward a new equilibrium in which cross-feeding favors
propionate (performance) without breaking lactate <> propionate cou-
pling and IHT. For this, the following are essential: gradual adaptation
to concentrate; maintenance of physically effective NDF; stimulation
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of lactate/succinate consumers; and support for epithelial function
(Aschenbach et al., 2011; Plaizier et al., 2017).

From a zootechnical perspective, dietary transition can represent
both risk and opportunity. On one hand, there is the risk of metabolic
disorders, loss of feed efficiency, and even performance decline in
cases of inadequate adaptation (Nagaraja and Titgemeyer, 2007). On
the other hand, when conducted in a controlled manner, concentrate
inclusion increases propionate production, which acts as a direct glu-
coneogenic substrate, improving feed conversion efficiency, weight
gain in beef cattle, and milk production in cows (Allen, 2000; Reynolds
etal,, 2003). This alteration in the fermentative profile reduces energy
losses in the form of methane, since pathways directed toward propio-
nate act as sinks for reducing equivalents (H,) that would otherwise
be utilized by methanogenic archaea (Ungerfeld, 2020). Thus, high-
concentrate diets, by privileging cross-feeding chains directed toward
propionate (e.g., Selenomonas ruminantium and Veillonella parvula
consuming lactate), can increase feed conversion efficiency and reduce
the environmental footprint of production.

Therefore, the transition can be viewed as a process of displace-
ment between two distinct physiological states: one of greater stability
and resilience (forage-based) and another of greater metabolic and
productive intensity (concentrate-based). Thus, the consequences of
diet transition in ruminants should be interpreted as a balance
between benefits and challenges. Intensification via concentrate inclu-
sion, when well managed, expands productive potential and can opti-
mize energy efficiency. However, this intensification also exposes the
ruminal system to risks of fermentative imbalances and cross-feeding
disruptions. Understanding these processes is crucial for designing
nutritional strategies that reconcile performance, animal health, and
sustainability.

4 Nutritional strategies to modulate
ruminal microbiota and fermentation
in high-concentrate diets

The transition from forage-based to high-concentrate feeds in
modern ruminant production systems represents a profound ecologi-
cal shift, disrupting the co-evolved stability of the ruminal microbi-
ome. As established in the previous sections, this dietary change
triggers a cascade of events, including a decrease in microbial diver-
sity, a drop in ruminal pH, and a fundamental alteration of the cross-
feeding networks that govern nutrient flow and energy partitioning
(Fernando et al., 2010; Petri et al., 2013).

Studies have consistently demonstrated that this transition results
in a shift from fiber-degrading microbial communities (dominated by
cellulolytic taxa) to amylolytic communities optimized for fermenting
starch and readily fermentable carbohydrates, with individual animals
exhibiting variable adaptation rates to concentrate-rich diets (Huang
et al,, 2021; Wang et al., 2019). This microbial succession typically
requires a 10-14 day adaptation period for the ecosystem to reorga-
nize and establish a new equilibrium in response to altered dietary
substrate availability.

Consequently, optimizing ruminal fermentation under these
intensive conditions is not merely a matter of maximizing energy
extraction but a complex challenge of maintaining metabolic homeo-
stasis and preventing disorders such as subacute ruminal acidosis
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(SARA). This requires a multi-faceted approach that integrates foun-
dational management practices with the strategic application of feed
additives designed to selectively modulate microbial populations and
their metabolic outputs.

4.1 The nutritional framework: establishing
microbial resilience

Before considering specific additives, the foundation of ruminal
modulation lies in fundamental nutritional management. The most
critical of these is a well-managed dietary adaptation period. A gradual
transition from forage to concentrate, typically lasting a minimum of
14-21 days, is essential to allow for the parallel adaptation of both the
host and its microbiota (Brown et al., 2006; Rigueiro et al., 2021). This
period allows for the proliferation of lactate-utilizing bacteria, such as
Megasphaera elsdenii and Selenomonas ruminantium, before rapid lac-
tate producers like Streptococcus bovis can cause a toxic accumulation.
Simultaneously, the ruminal epithelium undergoes significant morpho-
logical changes, with papillae growing to increase the absorptive surface
area by as much as 55-85%, a crucial adaptation for handling the
increased production of SCFAs (Rigueiro et al., 2021; Dieho et al., 2016).

The choice of grain within the concentrate portion is also critical,
as different grains have varying rates of starch fermentation. For exam-
ple, wheat and barley starch are fermented more rapidly than corn
starch, leading to a faster and more pronounced drop in ruminal pH,
which can overwhelm the rumen’s buffering capacity and lactate-uti-
lizing bacteria if not managed properly (Brown et al., 2006; Wu et al.,
2024). The inclusion of barley in the diet, for instance, has been shown
to significantly affect the relative abundance of key phyla such as
Firmicutes, Proteobacteria, and Bacteroidetes, while also promoting
fermentative genera like Solibacillus and Lysinibacillus, which are
known to enhance feed fermentation (Wu et al., 2024).

Grain processing methods further modulate these effects. Steam
flaking, for instance, gelatinizes the starch granules, making them more
available for microbial digestion compared to dry rolling or grinding.
While this can increase energy extraction, it also accelerates fermenta-
tion. Studies have shown that steam-flaked corn can lead to a lower
ruminal pH compared to ground corn, but may also enhance microbial
protein synthesis due to the increased availability of energy, as evidenced
by higher urinary purine derivatives and protozoal populations
(Eghtedari et al., 2024). This highlights a key trade-off in modern nutri-
tion: maximizing energy availability without inducing metabolic dis-
tress. Finally, increasing the feeding frequency (e.g., from once to twice
daily) can significantly buffer post-feeding pH drops, creating a more
stable environment that prevents the boom-and-bust cycles of lactate
production and supports a more consistent cross-feeding activity
(Benchaar et al., 2020). These foundational strategies—adaptation, F:C
ratio, grain type and processing, and feeding frequency—are the first
and most powerful tools to steer the ruminal ecosystem toward a stable
and efficient state on a high-energy diet. It is within this context that feed
additives have been developed, not as a replacement for good manage-
ment, but as targeted tools to address the specific metabolic bottlenecks
that arise in these highly productive, yet inherently unstable, systems.

4.2 Feed additives as targeted tools for
microbial modulation

Tonophores, such as monensin and lasalocid, act by selectively
inhibiting Gram-positive bacteria, thereby restoring the balance
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between lactate producers and consumers. By disrupting the trans-
membrane ion gradients of species like Streptococcus bovis, monensin
curtails rapid lactate production. This creates a competitive advantage
for Gram-negative lactate utilizers, particularly Megasphaera elsdenii.
Recent metagenomic studies have quantified this shift, showing that
monensin can reduce the relative abundance of Streptococcus to less
than 0.1% of the community while simultaneously increasing the pro-
portion of Megasphaera (Weimer et al., 2010). Furthermore, longitu-
dinal studies have demonstrated that monensin decreases the overall
diversity of the rumen microbiome in the short term, with specific
effects on bacterial amplicon sequence variants (ASVs) such as
Bacteroidales (ASV19) and Streptococcus infantarius (ASV94) (Chai et
al,, 2024). This targeted modulation of the lactate cross-feeding net-
work directly translates to improved fermentation efficiency, with a
documented 15-20% increase in the propionate-to-acetate ratio
(Marques and Cooke, 2021). However, concerns have been raised
regarding microbial adaptation and the potential development of
ionophore resistance following long-term use, which may reduce
effectiveness over time and motivate alternative strategies such as
additive rotation or combination approaches (Russell and Houlihan,
2003; Weimer et al., 2008).

Probiotics aim to directly reinforce key microbial populations.
The administration of live cultures of Megasphaera elsdenii has proven
effective in rapidly establishing a robust lactate-consuming capacity,
particularly in newly adapted animals, mitigating the risk of acidosis
(Cabral and Weimer, 2024; Habib et al., 2022). Studies have shown
that preweaning supplementation with M. elsdenii not only improves
rumen development and growth performance in calves (Mazon et al.,
2025) but also reduces the incidence and severity of acidosis during
the transition to solid feed (Muya et al., 2015). Yeast probiotics, most
notably Saccharomyces cerevisiae, work through a complementary
mechanism. By scavenging residual oxygen, they create a more strictly
anaerobic environment that benefits both cellulolytic bacteria and
lactate utilizers. Furthermore, they can stimulate the growth of M. els-
denii and S. ruminantium, enhancing the rumen’s overall capacity to
handle lactate. Studies consistently show that yeast supplementation
increases microbial diversity (as measured by Shannon and Chaol
indices) and stabilizes ruminal pH, reducing the duration of time
spent below the critical threshold of 5.8 (Zhang et al., 2024; Wang et
al,, 2025). Recent research has also demonstrated that yeast supple-
mentation can alter the relative abundance of key genera such as
Prevotella, Bacteroides, Clostridium, Ruminococcus, and Fibrobacter,
all of which play critical roles in ruminal fermentation (Xu et al., 2025).

Plant secondary metabolites, including saponins, tannins, and
essential oils, represent valuable tools for stabilizing ruminal fermen-
tation during dietary transitions from forage to concentrate-rich diets.
Saponins reduce protozoal populations by disrupting cell membranes,
which can moderate the rapid fermentation changes characteristic of
high-concentrate diets and help maintain pH stability during the tran-
sition period (Kholif et al., 2023). Tannins exert multiple stabilizing
effects: by complexing with dietary proteins, they slow fermentation
rates and reduce the rapid accumulation of volatile fatty acids (VFAs)
that typically occurs during concentrate introduction; this moderation
of fermentation kinetics is particularly critical during the early stages
of dietary transition when buffering capacity is overwhelmed
(Jayanegara et al., 2012; Salami et al., 2018). Essential oils can selec-
tively modulate microbial populations during transition, with certain
blends showing efficacy in reducing lactate-producing species while
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supporting lactate-utilizing bacteria, thereby reducing acidosis risk
during the shift to high-concentrate diets (Vakili et al., 2013; Nhara
and Baloyi, 2025). The strategic use of these plant-derived compounds
during dietary transitions helps maintain microbial community stabil-
ity and ruminal pH homeostasis, reducing the incidence of subacute
ruminal acidosis (SARA) that commonly accompanies abrupt dietary
shifts (Hassan et al., 2020).

4.3 Combined nutritional strategies:
synergies and practical limitations

The stabilization of ruminal fermentation under high-concentrate
feeding systems increasingly depends on the integrated and synergis-
tic combination of nutritional management strategies and feed addi-
tives, rather than the isolated application of single interventions. This
approach recognizes that ruminal instability during dietary transitions
arises from multiple, interconnected processes, including rapid carbo-
hydrate fermentation, lactate accumulation, hydrogen imbalance, and
reduced functional redundancy within microbial networks.
Consequently, effective modulation strategies must simultaneously
target complementary metabolic pathways.

Several additive combinations exemplify this principle. The asso-
ciation of ionophores with live yeast or yeast-derived products repre-
sents one of the most studied synergistic strategies. Ionophores
selectively inhibit fast-growing, lactate-producing bacteria, thereby
moderating fermentation rates, whereas yeast supplementation can
stimulate lactate- and succinate-utilizing bacteria, improve redox bal-
ance, and enhance ruminal pH stability (Newbold et al.,, 1996;
Chaucheyras-Durand et al., 2008). Similarly, the combined use of
ionophores with different chemical structures, such as lasalocid and
narasin, has been shown to influence fermentation pathways in dis-
tinct yet complementary ways, with narasin often shifting fermenta-
tion toward increased propionate production and improved energetic
efficiency (Miszura et al., 2023).

Beyond ionophores and yeast, other additive combinations have
gained attention as tools to mitigate the risks associated with high-
concentrate diets. The use of buffering agents in combination with
phytogenic compounds or plant secondary metabolites may help
attenuate excessive acid production while modulating microbial activ-
ity and fermentation kinetics, thereby improving ruminal pH stability
during dietary transitions (Beauchemin et al., 2008; Patra and Saxena,
2009; Hassan et al., 2020). Likewise, the integration of probiotics with
substrates that support their metabolic niche, often referred to as syn-
biotic approaches, may enhance microbial persistence and functional
activity within the rumen ecosystem (Chaucheyras-Durand and
Fonty, 2002; Markowiak and Slizewska, 2018). Collectively, these strat-
egies highlight that additive combinations are most effective when
they target distinct and complementary points of the ruminal meta-
bolic network rather than exerting redundant effects.

Despite their potential, the practical application of additive com-
binations is constrained by several limitations. Animal-to-animal
variation in additive responses remains substantial and is likely driven
by differences in baseline microbiota composition, host genetics, prior
nutritional history, and adaptive capacity (Chai et al., 2024).
Furthermore, prolonged use of certain additives, particularly iono-
phores, raises concerns regarding microbial adaptation and reduced
efficacy over time, reinforcing the need for long-term studies and
management strategies such as additive rotation or the use of
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compounds with distinct but complementary mechanisms of action
(Russell and Houlihan, 2003).

Overall, combined nutritional strategies offer a flexible and eco-
logically grounded framework to enhance ruminal resilience under
intensive production systems. When integrated with appropriate
adaptation periods and informed by an understanding of microbial
functional interactions, additive combinations can contribute to more
stable fermentation, improved feed efficiency, and reduced risk of
metabolic disorders during the transition from forage- to concentrate-
based diets.

5 Future perspectives and applications
in intensive production

While multi-omics technologies have advanced our understand-
ing of ruminal microbiota and cross-feeding interactions, relatively
few studies have integrated these approaches specifically to predict
and prevent cross-feeding destabilization during dietary transitions.
Most applications focus on characterizing microbial shifts post-hoc
rather than developing predictive models for early intervention. The
current literature, as reviewed herein, demonstrates that cross-feeding
is not merely a phenomenon of microbial competition or cooperation,
but rather a critical determinant of energy efficiency and ruminal
health during the transition from forage to concentrate diets. We pro-
pose that future research must prioritize the development of microbi-
ota-informed nutritional strategies that actively preserve cross-feeding
networks rather than simply mitigating their collapse through feed
additives.

Looking forward, the continued advancement of multi-omics
technologies is paving the way for a more precise and mechanistically
informed approach to nutritional modulation. Metagenomics, meta-
transcriptomics, and metabolomics allow for an unprecedented view
of the ruminal ecosystem, moving beyond simply cataloging species
to understanding their functional activity in real time (Wang et al.,
2023). This integrated perspective will enable the development of
next-generation probiotics composed of synergistic microbial consor-
tia and the formulation of diets based on individual microbial and
metabolic profiles. In this context, maximizing ruminal fermentation
in modern systems requires an integrated, ecological approach that
begins with foundational management respecting the rumen’s physi-
ological limits and is subsequently refined with targeted nutritional
interventions capable of steering microbial networks toward greater
efficiency and resilience.

The integrated application of metagenomics, metatranscriptomics,
metaproteomics, and metabolomics offers unprecedented opportuni-
ties for real-time monitoring of cross-feeding dynamics during dietary
transitions. However, we contend that current implementations of
these technologies remain largely descriptive rather than predictive.
To move beyond documentation of microbial shifts, the field must
develop algorithms and models that can predict cross-feeding imbal-
ances before they manifest as clinical acidosis or reduced perfor-
mance. Early detection of these imbalances, coupled with targeted
interventions (whether nutritional, probiotic, or genetic), could rep-
resent a paradigm shift in intensive production management.

The emerging evidence for heritability of ruminal microbiota
characteristics presents a compelling opportunity for microbiome-
informed genetic selection of animals inherently capable of
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maintaining efficient cross-feeding networks, even under high-
concentrate feeding regimens. Recent studies indicate that host
genetics can influence both microbial community structure and
functional potential, thereby contributing to inter-animal variation
in fermentation efficiency and metabolic resilience (Difford et al.,
2018; Wallace et al., 2019). Importantly, this approach should not
be viewed as a replacement for sound nutritional management, but
rather as a complementary strategy. The synergistic integration of
genetic selection for microbiota efficiency, precision nutrition
informed by individual microbial profiles, and real-time monitor-
ing via digital technologies could fundamentally transform inten-
sive production systems, shifting management paradigms from
reactive intervention to proactive prevention of microbiota
destabilization.

Precision nutrition, when informed by individual microbiota
composition and metabolic capacity, offers the potential to opti-
mize concentrate inclusion while maintaining cross-feeding stabil-
ity. We recognize, however, that the current implementation of
precision nutrition remains largely theoretical in commercial set-
tings. The development of cost-effective, on-farm tools for micro-
biota monitoring and real-time dietary adjustment is essential for
translating this concept into practical application. Furthermore, we
argue that precision nutrition must consider not only individual
animal characteristics but also the temporal dynamics of micro-
biota adaptation during dietary transitions—a dimension that
remains understudied.

In conclusion, we propose that the future of intensive ruminant
production lies in the integration of microbiota-informed precision
nutrition, genetic selection for microbiota efficiency, and digital moni-
toring technologies—all unified by a fundamental commitment to
preserving cross-feeding stability during dietary transitions. This inte-
grated approach has the potential to simultaneously improve feed
efficiency, enhance animal health, reduce environmental impacts, and
increase the sustainability of intensive production systems. However,
achieving this vision requires substantial investment in research infra-
structure, development of practical on-farm tools, and a paradigm
shift in how the industry conceptualizes the role of the ruminal micro-
biota in animal production.

6 Final considerations

The ruminal microbiota is a complex and dynamic ecosystem,
fundamental for ruminant nutrition and health. Diet, particularly the
proportion between concentrate and forage, exerts a profound influ-
ence on the composition and activity of this microbial community.
High-concentrate diets, although they may optimize energy and pro-
tein production, tend to reduce microbial diversity and richness,
decrease ruminal pH, and favor the proliferation of microorganisms
associated with metabolic disorders such as acidosis, laminitis, liver
abscesses, and bloat. In contrast, high-forage diets promote a more
diverse microbiota and a more stable ruminal environment, with pre-
dominance of fiber-degrading microorganisms, essential for ruminal
health and efficient forage utilization.

The transition to high-concentrate diets therefore represents a
nutritional paradox: on one hand, there are clear risks of microbial
instability, loss of diversity, and harm to animal health; on the
other hand, when well conducted, this transition allows greater
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energy efficiency, productive performance, and even reduction of
methane emissions. The central challenge of ruminant nutrition is
to balance these effects, promoting a stable, functional, and
adapted ruminal environment in which cross-feeding is reorga-
nized in favor of productivity without compromising animal health
and welfare.

The transition from forage-rich to concentrate-based diets repre-
sents a critical juncture in ruminant production where microbiota
stability must be actively managed. As discussed throughout this
review, successful navigation of this transition requires an integrated
approach that combines: (i) nutritional management through gradual
diet adaptation, appropriate grain selection, and strategic use of feed
additives (plant secondary metabolites, probiotics, ionophores) to sta-
bilize fermentation and prevent pH decline; (ii) genetic selection for
animals with inherent capacity to maintain efficient cross-feeding net-
works even under high-concentrate feeding; and (iii) real-time moni-
toring using digital tools and multi-omics technologies to detect early
signs of microbiota destabilization and enable proactive interventions.
Rather than viewing these approaches as separate strategies, their syn-
ergistic combination offers the most promising pathway to achieve
both productivity and animal health during dietary transitions.

It is important to emphasize that in both strategies (high con-
centrate or high forage), it is possible to achieve high productivity,
as long as ruminal fermentation is respected. This means that spe-
cific groups of microorganisms must develop and be capable of
fermenting the available substrates. For this, the ruminal environ-
ment and conditions for fermentation must be carefully managed,
ensuring nutritional wellbeing and the animal’s overall health. The
key lies in understanding and optimizing the ruminal environment
so that beneficial microorganisms thrive, regardless of the produc-
tion objective.

In summary, we move beyond descriptive accounts of ruminal
microbial composition to emphasize the central role of cross-feeding
networks as regulators of fermentation efficiency and ruminal health
during dietary transitions. We propose a conceptual framework in
which the maintenance of microbial symbiotic balance under high-
concentrate feeding emerges as a key determinant of ruminal health
and production stability. By integrating microbial ecology, nutritional
strategies, and host genetic potential, this framework provides a uni-
fied perspective to guide future research and applied interventions
aimed at improving efficiency, resilience, and long-term sustainability
in intensive ruminant production systems.

References

Accetto, T., and Avgustin, G. (2019). The diverse and extensive plant polysaccharide deg-
radative apparatuses of the rumen and hindgut Prevotella species: a factor in their ubiq-
uity? Syst. Appl. Microbiol. 42, 107-116. doi: 10.1016/j.syapm.2018.10.001

Akin, D. E., and Borneman, W. S. (1990). Role of rumen fungi in fiber degradation. J.
Dairy Sci. 73, 3023-3032. doi: 10.3168/jds.S0022-0302(90)78989-8

Allen, M. S. (2000). Effects of diet on short-term regulation of feed intake by lactating
dairy cattle. J. Dairy Sci. 83, 1598-1624. doi: 10.3168/jds.S0022-0302(00)75030-2

Anderson, C. L., Sullivan, M. B., and Fernando, S. C. (2017). Dietary energy drives the
dynamic response of bovine rumen viral communities. Microbiome 5:155. doi: 10.1186/
540168-017-0374-3

Aschenbach, J. R., Penner, G. B, Stumpff, E, and Gébel, G. (2011). Role of fermentation
acid absorption in the regulation of ruminal pH. J. Anim. Sci. 89, 1092-1107. doi: 10.2527/
jas.2010-3301

Bannink, A., Kogut, ., Dijkstra, J., France, J., Kebreab, E., Van Vuuren, A. M., et al. (2008).
Modelling the implications of feeding strategy on rumen fermentation and functioning of
the rumen wall. Anim. Feed Sci. Technol. 143, 3-26. doi: 10.1016/j.anifeedsci.2007.05.002

Frontiers in Microbiology

10.3389/fmicb.2026.1735296

Author contributions

JS: Writing - review & editing, Conceptualization, Writing —
original draft, Formal analysis, Data curation. PR: Writing — review
& editing. DM: Supervision, Writing - review & editing,
Conceptualization, Data curation.

Funding

The author(s) declared that financial support was not received for
this work and/or its publication.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that Generative Al was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Beauchemin, K. A., Kreuzer, M., O’'Mara, E, and McAllister, T. A. (2008). Nutritional
management for enteric methane abatement: a review. Aust. J. Exp. Agric. 48,21-27. doi:
10.1071/EA07199

Beauchemin, K. A., Ungerfeld, E. M., Eckard, R. ]., and Wang, M. (2020). Review: fifty
years of research on rumen methanogenesis: lessons learned and future challenges for
mitigation. Animal 14, s2-s16. doi: 10.1017/S1751731119003100

Benchaar, C., and Hassanat, F. (2020). Frequency of diet delivery to dairy cows:
Effect on nutrient digestion, rumen fermentation, methane production, nitrogen
utilization, and milk production. J. Dairy Sci. 103, 7094-7109. doi:10.3168/
jds.2020-18199

Brown, M. S., Ponce, C. H., and Pulikanti, R. (2006). Adaptation of beef cattle to high-
concentrate diets: performance and ruminal metabolism1. J. Anim. Sci. 84, E25-E33. doi:
10.2527/2006.8413_supplE25x

Cabral, L. S., and Weimer, P. ]. (2024). Megasphaera elsdenii: its role in ruminant nutrition
and its potential industrial application for organic acid biosynthesis. Microorganisms
12:219. doi: 10.3390/microorganisms12010219

frontiersin.org


https://doi.org/10.3389/fmicb.2026.1735296
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.syapm.2018.10.001
https://doi.org/10.3168/jds.S0022-0302(90)78989-8
https://doi.org/10.3168/jds.S0022-0302(00)75030-2
https://doi.org/10.1186/s40168-017-0374-3
https://doi.org/10.1186/s40168-017-0374-3
https://doi.org/10.2527/jas.2010-3301
https://doi.org/10.2527/jas.2010-3301
https://doi.org/10.1016/j.anifeedsci.2007.05.002
https://doi.org/10.1071/EA07199
https://doi.org/10.1017/S1751731119003100
https://doi.org/10.3168/jds.2020-18199
https://doi.org/10.3168/jds.2020-18199
https://doi.org/10.2527/2006.8413_supplE25x
https://doi.org/10.3390/microorganisms12010219

Souza et al.

Chai, J., Weiss, C. P, Beck, P. A., Zhao, W,, Li, Y., and Zhao, J. (2024). Diet and monensin
influence the temporal dynamics of the rumen microbiome in stocker and finishing cattle.
J. Anim. Sci. Biotechnol. 15:12. doi: 10.1186/s40104-023-00967-5

Chaucheyras-Durand, F, and Fonty, G. (2002). Influence of a probiotic yeast
(Saccharomyces cerevisiaee CNCM I-1077) on microbial colonization and fermentations
in the rumen of newborn lambs. Microb. Ecol. Health Dis. 14, 30-36. doi:
10.1080/089106002760002739

Chaucheyras-Durand, E, Walker, N. D., and Bach, A. (2008). Effects of active dry yeasts
on the rumen microbial ecosystem: past, present and future. Anim. Feed Sci. Technol. 145,
5-26. doi: 10.1016/j.anifeedsci.2007.04.019

Chen, L., Shen, Y., Wang, C., Ding, L., Zhao, E, Wang, M., et al. (2019). Megasphaera
elsdenii lactate degradation pattern shifts in rumen acidosis models. Front. Microbiol.
10:162. doi: 10.3389/fmicb.2019.00162

Cholewinska, P.,, Gorniak, W., and Wojnarowski, K. (2021). Impact of selected environ-
mental factors on microbiome of the digestive tract of ruminants. BMC Vet. Res. 17:25.
doi: 10.1186/s12917-021-02742-y

Clemmons, B. A., Mihelic, R. 1., Beckford, R. C., Powers, ]. B., Melchior, E. A.,
McFarlane, Z. D,, et al. (2019). Temporal stability of the ruminal bacterial communities
in beef steers. Sci. Rep. 9:9522. doi: 10.1038/541598-019-45995-2

Costa-Roura, S., Villalba, D., Balcells, J., and De la Fuente, G. (2022). First steps into
ruminal microbiota robustness. Animals 12:2366. doi: 10.3390/ani12182366

Counotte, G. H. M,, Prins, R. A,, Janssen, R. H. A. M., and deBie, M. . A. (1981). Role
of Megasphaera elsdenii in the fermentation of DL-[2-C]lactate in the rumen of dairy
cattle. Appl. Environ. Microbiol. 42, 649-655. doi: 10.1128/aem.42.4.649-655.1981

De Mulder, T., Peiren, N., Vandaele, L., Ruttink, T., De Campeneere, S., Van de Wiele, T.,
etal. (2018). Impact of breed on the rumen microbial community composition and meth-
ane emission of Holstein Friesian and Belgian blue heifers. Livest. Sci. 207, 38-44. doi:
10.1016/j.livsci.2017.11.009

Desvignes, P,, Ruiz, P., Guillot, L., Danon, J., Durand, A., Beaumont, M, et al. (2025).
Transcriptomic analysis of the interactions between Fibrobacter succinogenes S85,
Selenomonas ruminantium PC18 and a live yeast strain used as a ruminant feed additive.
BMC Genomics 26:721. doi: 10.1186/512864-025-11894-2

Dieho, K., Bannink, A., Geurts, I. A. L., Schonewille, J. T, Gort, G., and Dijkstra, J. (2016).
Morphological adaptation of rumen papillae during the dry period and early lactation as
affected by rate of increase of concentrate allowance. J. Dairy Sci. 99, 2339-2352. doi:
10.3168/jds.2015-9837

Difford, G. E, Plichta, D. R., Lovendahl, P, Lassen, J., Noel, S. J., Hojberg, O., et al. (2018).
Host genetics and the rumen microbiome jointly associate with methane emissions in
dairy cows. PLoS Genet. 14:¢1007580. doi: 10.1371/journal.pgen.1007580

Dijkstra, J., Ellis, J. L., Kebreab, E., Strathe, A. B., Lopez, S., France, ], et al. (2012).
Ruminal pH regulation and nutritional consequences of low pH. Anim. Feed Sci. Technol.
172, 22-33. doi: 10.1016/j.anifeedsci.2011.12.005

Dirksen, G. U, Liebich, H. G., and Mayer, E. (1985). Adaptive changes of the ruminal
mucosa and their functional and clinical significance. Bovine Pract. 20, 116-120. doi:
10.21423/bovine-vol1985n020p116-120

Du, D,, Zheng, T., Liu, Z., Zhang, X., Guan, W,, Zhao, M., et al. (2024). Analysis of differ-
ences in the rumen microbiome and metabolome of Holstein dairy cows with different
body condition scores during the dry period. Animal Microb. 6:29. doi: 10.1186/
542523-024-00324-5

Edwards, J. E., Forster, R. J., Callaghan, T. M., Dollhofer, V., Dagar, S. S., Cheng, Y., et al.
(2017). PCR and omics based techniques to study the diversity, ecology and biology of
anaerobic fungi: insights, challenges and opportunities. Front. Microbiol. 8, 1-27. doi:
10.3389/fmicb.2017.01657. eCollection 2017

Eghtedari, M., Khezri, A., Kazemi-Bonchenari, M., Yazdanyar, M., Mohammadabadi, M.,
Mabhani, S. E., et al. (2024). Effects of corn grain processing and phosphorus content in
calf starters on intake, growth performance, nutrient digestibility, blood metabolites, and
urinary purine derivatives. J. Dairy Sci. 107, 9334-9346. doi: 10.3168/jds.2024-25079

Fernando, S. C., Purvis, H. T, Najar, E Z., Sukharnikov, L. O., Krehbiel, C. R,,
Nagaraja, T. G., et al. (2010). Rumen microbial population dynamics during adaptation
to a high-grain diet. Appl. Environ. Microbiol. 76, 7482-7490. doi: 10.1128/ AEM.00388-10

Filomena, N,, Kittelmann, S., Patchett, M. L., Attwood, G. T., Janssen, P. H., Rakonjac, J.,
etal. (2016). An adhesin from hydrogen-utilizing rumen methanogen Methanobrevibacter
ruminantium M1 binds a broad range of hydrogen-producing microorganisms. Environ.
Microbiol. 18, 3010-3021. doi: 10.1111/1462-2920.13155

Finlay, B. ], Esteban, G., Clarke, K. J., Williams, A. G., Embley, T. M., and Hirt, R. P.
(1994). Some rumen ciliates have endosymbiotic methanogens. FEMS Microbiol. Lett.
117, 157-161. doi: 10.1111/j.1574-6968.1994.tb06758.x

Flint, H. ], Bayer, E. A, Rincon, M. T,, Lamed, R., and White, B. A. (2008). Polysaccharide
utilization by gut bacteria: potential for new insights from genomic analysis. Nat. Rev.
Microbiol. 6, 121-131. doi: 10.1038/nrmicro1817

Gilbert, R. A., Townsend, E. M., Crew, K. S., Hitch, T. C. A., Friedersdorff, J. C. A.,
Creevey, C. ], et al. (2020). Rumen virus populations: technological advances
enhancing current understanding. Front. Microbiol. 11:450. doi: 10.3389/
fmicb.2020.00450

Girard, C. L., and Duplessis, M. (2023). State of the knowledge on the importance of
folates and cobalamin for dairy cow metabolism. Animal 17:100829. doi: 10.1016/j.
animal.2023.100834

Frontiers in Microbiology

10.3389/fmicb.2026.1735296

Gonzélez-Montana, J. R., Escalera-Valente, E, Alonso, A. J., Lomillos, J. M., Robles, R.,
and Alonso, M. E. (2020). Relationship between vitamin B12 and cobalt metabolism in
domestic ruminants: An update. Animals 10:1855. doi:10.3390/ani10101855

Greening, C., Geier, R., Wang, C., Woods, L. C., Morales, S. E., McDonald, M. J., et al.
(2019). Diverse hydrogen production and consumption pathways influence methane
production in ruminants. ISME J. 13, 2617-2632. doi: 10.1038/s41396-019-0464-2

Griffith, G. W., Ozkose, E., Theodorou, M. K., and Davies, D. R. (2009). Diversity
of anaerobic fungal populations in cattle revealed by selective enrichment culture
using different carbon sources. Fungal Ecol. 2, 87-97. doi: 10.1016/j.
funeco.2009.01.005

Gruninger, R. J., Ribeiro, G. O., Cameron, A., and McAllister, T. A. (2019). Invited review:
application of meta-omics to understand the dynamic nature of the rumen microbiome
and how it responds to diet in ruminants. Animal 13, 1843-1854. doi: 10.1017/
$1751731119000752

Gruninger, R. ], Puniya, A. K., Callaghan, T. M., Edwards, J. E., Youssef, N., Dagar, S. S.,
etal. (2014). Anaerobic fungi (phylum Neocallimastigomycota): advances in understand-
ing their taxonomy, life cycle, ecology, role and biotechnological potential. FEMS
Microbiol. Ecol. 90, 1-17. doi: 10.1111/1574-6941.12383

Habib, K., Drouillard, J., de Aguiar Veloso, V., Huynh, G., Trinetta, V., and Gragg, S. E.
(2022). The use of probiotic Megasphaera elsdenii as a pre-harvest intervention to reduce
Salmonella in finishing beef cattle: an in vitro model. Microorganisms 10:1400. doi:
10.3390/microorganisms10071400

Hassan, F, Yacout, M. H., and Saleh, S. Y. (2020). Phytogenic additives can modulate
rumen microbiome to improve ruminant productivity and reduce methane emissions: a
review. Front. Vet. Sci. 7:575801. doi: 10.3389/fvets.2020.575801

Henderson, G., Cox, E, Ganesh, S., Jonker, A., Young, W., Global Rumen Census
Collaboratorset al. (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.
doi: 10.1038/srep14567

Herndndez, J., Benedito, J. L., Abuelo, A., and Castillo, C. (2014). Ruminal acidosis in
feedlot: from aetiology to prevention. Sci. World J. 2014:702572. doi: 10.1155/2014/702572

Hess, M., Sczyrba, A., Egan, R., Kim, T. W., Chokhawala, H., Schroth, G., et al. (2011).
Metagenomic discovery of biomass-degrading genes and genomes from cow rumen.
Science 331, 463-467. doi: 10.1126/science.1200387

Huang, S., Ji, S., Suen, G., Wang, F, and Li, S. (2021). The rumen bacterial community in
dairy cows is correlated to production traits during freshening period. Front. Microbiol.
12:630605. doi: 10.3389/fmicb.2021.630605

Huws, S. A., Creevey, C. ], Oyama, L. B,, Mizrahi, I, Denman, S. E., Popova, M., et al.
(2018). Addressing global ruminant agricultural challenges through understanding the
rumen microbiome: past, present, and future. Front. Microbiol. 9:2161. doi: 10.3389/
fmicb.2018.02161

Janssen, P. H. (2010). Influence of hydrogen on rumen methane formation and fermenta-
tion balances through microbial growth kinetics and fermentation thermodynamics.
Anim. Feed Sci. Technol. 160, 1-22. doi: 10.1016/j.anifeedsci.2010.07.002

Janssen, P. H., and Kirs, M. (2008). Structure of the archaeal community of the rumen.
Appl. Environ. Microbiol. 74, 3619-3625. doi: 10.1128/ AEM.02812-07

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

Kholif, A. E., Elghandour, M. M., Anele, U. Y,, and Chagunda, M. G. (2023). A review of
effect of saponins on ruminal fermentation, feed efficiency, nutrient digestibility, methane
emission and productive performance of ruminants. Vet. Sci. 10:450. doi: 10.3390/
vetscil0070450

Jayanegara, A., Leiber, E, and Kreuzer, M. (2012). Meta-analysis of the relationship
between dietary tannin level and methane formation in ruminants from in vivo and in
vitro experiments. J. Anim. Physiol. Anim. Nutr. 96, 365-375. doi: 10.1111/j.1439-0396.
2011.01172.x

Lee, J. H., Kumar, S., Lee, G. H., Chang, D. H., Rhee, M. S, Yoon, M. H,, et al. (2013).
Methanobrevibacter boviskoreani sp. nov., isolated from the rumen of Korean native cattle.
Int. J. Syst. Evol. Microbiol. 63, 4196-4201. doi: 10.1099/ijs.0.054056-0

Lin, L., Lai, Z., Zhang, J., Zhu, W,, and Mao, S. (2023). The gastrointestinal microbiome
in dairy cattle is constrained by the deterministic driver of the region and the modified
effect of diet. Microbiome 11:10. doi: 10.1186/s40168-022-01453-2

Liu, J., Bai, Y., Liu, E, Kohn, R. A, Tadesse, D. A., Sarria, S., et al. (2022). Rumen microbial
predictors for short-chain fatty acid levels and the grass-fed regimen in Angus cattle.
Animals 12:2995. doi: 10.3390/ani12212995

Lobo, R. R., and Faciola, A. P. (2021). Ruminal Phages - a review. Front. Microbiol.
12:763416. doi: 10.3389/fmicb.2021.763416

Lopes, D. R. G., de Souza Duarte, M., La Reau, A. J., Chaves, L. Z., de Oliveira Mens, T. A.,
Detmann, E,, et al. (2021). Assessing the relationship between the rumen microbiota and
feed efficiency in Nellore steers. J. Anim. Sci. Biotechnol. 12:79. doi: 10.1186/
540104-021-00599-7

Markowiak, P, and Slizewska, K. (2018). The role of probiotics, prebiotics, and synbiotics
in animal nutrition. Gut Pathog. 10:21. doi: 10.1186/s13099-018-0250-0

Marques, R. S., and Cooke, R. E (2021). Effects of ionophores on ruminal function of beef
cattle. Animals 11:2871. doi: 10.3390/ani11102871

frontiersin.org


https://doi.org/10.3389/fmicb.2026.1735296
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1186/s40104-023-00967-5
https://doi.org/10.1080/089106002760002739
https://doi.org/10.1016/j.anifeedsci.2007.04.019
https://doi.org/10.3389/fmicb.2019.00162
https://doi.org/10.1186/s12917-021-02742-y
https://doi.org/10.1038/s41598-019-45995-2
https://doi.org/10.3390/ani12182366
https://doi.org/10.1128/aem.42.4.649-655.1981
https://doi.org/10.1016/j.livsci.2017.11.009
https://doi.org/10.1186/s12864-025-11894-2
https://doi.org/10.3168/jds.2015-9837
https://doi.org/10.1371/journal.pgen.1007580
https://doi.org/10.1016/j.anifeedsci.2011.12.005
https://doi.org/10.21423/bovine-vol1985no20p116-120
https://doi.org/10.1186/s42523-024-00324-5
https://doi.org/10.1186/s42523-024-00324-5
https://doi.org/10.3389/fmicb.2017.01657
https://doi.org/10.3168/jds.2024-25079
https://doi.org/10.1128/AEM.00388-10
https://doi.org/10.1111/1462-2920.13155
https://doi.org/10.1111/j.1574-6968.1994.tb06758.x
https://doi.org/10.1038/nrmicro1817
https://doi.org/10.3389/fmicb.2020.00450
https://doi.org/10.3389/fmicb.2020.00450
https://doi.org/10.1016/j.animal.2023.100834
https://doi.org/10.1016/j.animal.2023.100834
https://doi.org/10.3390/ani10101855
https://doi.org/10.1038/s41396-019-0464-2
https://doi.org/10.1016/j.funeco.2009.01.005
https://doi.org/10.1016/j.funeco.2009.01.005
https://doi.org/10.1017/S1751731119000752
https://doi.org/10.1017/S1751731119000752
https://doi.org/10.1111/1574-6941.12383
https://doi.org/10.3390/microorganisms10071400
https://doi.org/10.3389/fvets.2020.575801
https://doi.org/10.1038/srep14567
https://doi.org/10.1155/2014/702572
https://doi.org/10.1126/science.1200387
https://doi.org/10.3389/fmicb.2021.630605
https://doi.org/10.3389/fmicb.2018.02161
https://doi.org/10.3389/fmicb.2018.02161
https://doi.org/10.1016/j.anifeedsci.2010.07.002
https://doi.org/10.1128/AEM.02812-07
https://doi.org/10.3168/jds.2008-1389
https://doi.org/10.3390/vetsci10070450
https://doi.org/10.3390/vetsci10070450
https://doi.org/10.1111/j.1439-0396.2011.01172.x
https://doi.org/10.1111/j.1439-0396.2011.01172.x
https://doi.org/10.1099/ijs.0.054056-0
https://doi.org/10.1186/s40168-022-01453-2
https://doi.org/10.3390/ani12212995
https://doi.org/10.3389/fmicb.2021.763416
https://doi.org/10.1186/s40104-021-00599-7
https://doi.org/10.1186/s40104-021-00599-7
https://doi.org/10.1186/s13099-018-0250-0
https://doi.org/10.3390/ani11102871

Souza et al.

Mazon, G., Persil, M. V., Nishihara, K., Steele, M. A., and Costa, J. H. C. (2025).
Preweaning Megasphaera elsdenii supplementation in dairy-beef calves: impact on per-
formance, behavior, and rumen development. J. Dairy Sci. 108, 448-463. doi: 10.3168/
jds.2024-25057

McCann, J. C., Wickersham, T. A., and Loor, J. J. (2014). High-throughput methods rede-
fine the rumen microbiome and its relationship with nutrition and metabolism.
Bioinform. Biol. Insights 8, 109-125. doi: 10.4137/BBL.S15389

Miszura, A. A., Polizel, D. M., Ferraz Junior, M. V. C., Barroso, J. P. R., Gobato, L. G. M.,
Martins, A. S., et al. (2023). Effects of lasalocid, narasin, or virginiamycin supplementa-
tion on rumen fermentation parameters and performance of beef cattle fed forage-based
diet. J. Anim. Sci. 101:skad108. doi: 10.1093/jas/skad108

Mizrahi, I, and Jami, E. (2018). Review the compositional variation of the rumen micro-
biome and its effect on host performance and methane emission. Animal 12, s220-s232.
doi: 10.1017/S1751731118001957

Monsalve, J. G., and Millen, D. D. (2025). A snapshot of nutritional recommendations
and management practices adopted by feedlot cattle nutritionists in Brazil in 2023. Front.
Vet. Sci. 12:1518571. doi: 10.3389/fvets.2025.1518571

Morgavi, D. P, Forano, E., Martin, C., and Newbold, C. J. (2010). Microbial ecosystem
and methanogenesis in ruminants. Animal 4, 1024-1036. doi: 10.1017/
§$1751731110000546

Morgavi, D. P, Kelly, W. ], Janssen, P. H., and Attwood, G. T. (2013). Rumen microbial
(meta)genomics and its application to ruminant production. Animal 7 Suppl 1, 184-201.
doi: 10.1017/S1751731112000419

Muya, M. C., Nherera, E. V., Miller, K. A., Aperce, C. C., Moshidi, P. M., and Erasmus, L. J.
(2015). Effect of Megasphaera elsdenii NCIMB 41125 dosing on rumen development,
volatile fatty acid production and blood B-hydroxybutyrate in neonatal dairy calves. J.
Anim. Physiol. Anim. Nutr. 99, 913-918. doi: 10.1111/jpn.12306

Nagaraja, T. G., and Titgemeyer, E. C. (2007). Ruminal acidosis in beef cattle: the current
microbiological and nutritional outlook. J. Dairy Sci. 90, E17-E38. doi: 10.3168/
jds.2006-478

Newbold, C. J., and Ramos-Morales, E. (2020). Review ruminal microbiome and micro-
bial metabolome: effects of diet and ruminant host. Animal 14, s78-s86. doi: 10.1017/
$1751731119003252

Newbold, C. J., de la Fuente, G., Belanche, A., Ramos-Morales, E., and McEwan, N. R.
(2015). The role of ciliate protozoa in the rumen. Front. Microbiol. 6:1313. doi: 10.3389/
fmicb.2015.01313

Newbold, C. J., Wallace, R. J., and McIntosh, F. M. (1996). Mode of action of the yeast
Saccharomyces cerevisiae as a feed additive for ruminants. Br. J. Nutr. 76, 249-261. doi:
10.1079/BJN19960029

Nhara, R. B., and Baloyi, J. J. (2025). Complementary effects of essential oils and organic
acids on rumen physiology as alternatives to antibiotic feed additives. Animals 15:2910.
doi: 10.3390/ani15192910

Orpin, C. G., and Joblin, K. N. (1997). “The rumen anaerobic fungi” in The rumen micro-
bial ecosystem. eds. P. N. Hobson and C. S. Stewart. 2nd ed (London: Blackie Academic
& Professional), 140-195.

Owens, F. N, Secrist, D. S., Hill, W. ], and Gill, D. R. (1998). Acidosis in cattle: a review.
J. Anim. Sci. 76, 275-286. doi: 10.2527/1998.761275x

Pacheco, R. D. L., Souza, J. M., Marino, C. T, Bastos, J. P. S. T., Martins, C. L.,
Rodrigues, P. H. M., et al. (2023). Ruminal fermentation pattern of acidosis-induced cows
fed either monensin or polyclonal antibodies preparation against several ruminal bacte-
ria. Front. Vet. Sci. 10:1090107. doi: 10.3389/fvets.2023.1090107

Palmonari, A., Federiconi, A., and Formigoni, A. (2024). Animal board invited review:
the effect of diet on rumen microbial composition in dairy cows. Animal 18:101319. doi:
10.1016/j.animal.2024.101319

Patra, A. K., and Saxena, J. (2009). The effect and mode of action of saponins on the
microbial populations and fermentation in the rumen and ruminant production. Nutr.
Res. Rev. 22, 204-219. doi: 10.1017/S0954422409990163

Petri, R. M., Schwaiger, T., Penner, G. B., Beauchemin, K. A., Forster, R. J., McKinnon, J. J.,
et al. (2013). Characterization of the core rumen microbiome in cattle during transition
from forage to concentrate as well as during and after an acidotic challenge. PLoS One
8:¢83424. doi: 10.1371/journal.pone.0083424

Pinto, A. C.J., and Millen, D. D. (2018). Nutritional recommendations and management
practices adopted by feedlot cattle nutritionists: the 2016 Brazilian survey. Can. J. Anim.
Sci. 99, 392-407. doi: 10.1139/cjas-2018-0031

Pinto, A. C. J., Bertoldi, G. P, Felizari, L. D., Dias, E. E E, Demartini, B. L., Nunes, A. B.
C. P, etal. (2020). Ruminal fermentation pattern, bacterial community composition, and
nutrient digestibility of Nellore cattle submitted to either nutritional restriction or intake
of concentrate feedstuffs prior to adaptation period. Front. Microbiol. 11:1865. doi:
10.3389/fmicb.2020.01865

Pinto, A. C.]., Bertoldi, G. P, Felizari, L. D., Demartini, B. L., Dias, E. F E, Squizatti, M. M.,
etal. (2023). Influence of nutritional management prior to adaptation to a feedlot diet on
ruminal microbiota of Nellore cattle. Rev. Bras. Zootec. 52:€20210229. doi: 10.37496/
rbz5220210229

Plaizier, J. C. E., Khafipour, S., Li, G. N., Gozho, D. O, and Krause, D. O. (2012). Subacute
ruminal acidosis (SARA), endotoxins and health consequences. Anim. Feed Sci. Technol.
172, 9-21. doi: 10.1016/j.anifeedsci.2011.12.004

Frontiers in Microbiology

10.3389/fmicb.2026.1735296

Plaizier, J. C., Krause, D. O., Gozho, G. N., and McBride, B. W. (2008). Subacute ruminal
acidosis in dairy cows: the physiological causes, incidence and consequences. Vet. J.
(Lond., Engl.: 1997) 176, 21-31. doi: 10.1016/j.tvjl.2007.12.016

Plaizier, J. C., Li, S., Danscher, A. M., Derakshani, H., Andersen, P. H., and Khafipour, E.
(2017). Changes in microbiota in rumen digesta and feces due to a grain-based subacute
ruminal acidosis (SARA) challenge. Microb. Ecol. 74, 485-495. doi: 10.1007/
500248-017-0940-z

Purushe, J., Fouts, D. E., Morrison, M., White, B. A., Mackie, R. L., Coutinho, P. M.,, et al.
(2010). Comparative genome analysis of Prevotella ruminicola and Prevotella bryantii:
insights into their environmental niche. Microb. Ecol. 60, 721-729. doi: 10.1007/
500248-010-9692-8

Reichardt, N., Duncan, S. H., Young, P,, Belenguer, A., McWilliam Leitch, C., Scott, K. P,
et al. (2014). Phylogenetic distribution of three pathways for propionate production
within the human gut microbiota. ISME J. 8, 1323-1335. doi: 10.1038/ismej.2014.14

Reynolds, C. K., Aikman, P. C., Lupoli, B., Humpbhries, D. J., and Beever, D. E. (2003).
Splanchnic metabolism of dairy cows during the transition from late gestation through
early lactation. J. Dairy Sci. 86, 1201-1217. doi: 10.3168/jds.50022-0302(03)73704-7

Rigueiro, A. L. N., Pereira, M. C. S,, Silvestre, A. M., Pinto, A. C. J,, Felizari, L. D,,
Dias, E. E E, et al. (2023). Withdrawal of sodium monensin when associated with virgin-
iamycin during adaptation and finishing periods on feedlot performance, feeding behav-
ior, carcass, rumen, and cecum morphometrics characteristics of Nellore cattle. Front. Vet.
Sci. 10:1067434. doi: 10.3389/fvets.2023.1067434

Rigueiro, A. L. N., Squizatti, M. M., Silvestre, A. M., Pinto, A. C. ], Estevam, D. D,,
Felizari, L. D,, et al. (2021). The potential of shortening the adaptation of Nellore cattle to
high-concentrate diets using only virginiamycin as sole feed additive. Front. Vet. Sci.
8:692705. doi: 10.3389/fvets.2021.692705

Russell, J. B., and Houlihan, A. J. (2003). Ionophore resistance of ruminal bacteria and its
potential impact on human health. FEMS Microbiol. Rev. 27, 65-74. doi: 10.1016/
S0168-6445(03)00019-6

Russell, J. B., and Rychlik, J. L. (2001). Factors that alter rumen microbial ecology. Science
292, 1119-1122. doi: 10.1126/science.1058830

Salami, S. A., Valenti, B., Bella, M., O'Grady, M. N,, Luciano, G., Kerry, J. P, et al. (2018).
Characterisation of the ruminal fermentation and microbiome in lambs supplemented
with hydrolysable and condensed tannins. FEMS Microbiol. Ecol. 94:fiy061. doi: 10.1093/
femsec/fiy061

Sanjorjo, R. A, Tseten, T., Kang, M.-K., Kwon, M., and Kim, S.-W. (2023). In pursuit of
understanding the rumen microbiome. Fermentation 9:114. doi: 10.3390/
fermentation9020114

Sato, Y., Takebe, H., Tominaga, K., Yasuda, J., Kumagai, H., Hirooka, H., et al. (2024). A
rumen virosphere with implications of contribution to fermentation and methane pro-
duction, and endemism in cattle breeds and individuals. Appl. Environ. Microbiol.
90:€01581-23. doi: 10.1128/aem.01581-23

Shabat, S. K. B., Sasson, G., Doron-Faigenboim, A., Durman, T., Yaacoby, S., Berg
Miller, M. E., et al. (2016). Specific microbiome-dependent mechanisms underlie the
energy harvest efficiency of ruminants. ISME J. 10, 2958-2972. doi: 10.1038/ismej.2016.62

Shen, H., Xu, Z., Shen, Z., and Lu, Z. (2019). The regulation of ruminal short-chain fatty
acids on the functions of rumen barriers. Front. Physiol. 10:1305. doi: 10.3389/
fphys.2019.01305

Silvestre, A. M., Souza, J. M., and Millen, D. D. (2023). Adoption of adaptation protocols
and feed additives to improve performance of feedlot cattle. J. Appl. Anim. Res. 51,
282-299. doi: 10.1080/09712119.2023.2191679

Solden, L. M., Naas, A. E., Roux, S., Daly, R. A., Collins, W. B., Nicora, C. D,, et al. (2018).
Interspecies cross-feeding orchestrates carbon degradation in the rumen ecosystem. Nat.
Microbiol. 3, 1274-1284. doi: 10.1038/s41564-018-0225-4

Solomon, R., Wein, T., Levy, B, Eshed, S., Dror, R., Reiss, V., et al. (2022). Protozoa popu-
lations are ecosystem engineers that shape prokaryotic community structure and function
of the rumen microbial ecosystem. ISME J. 16, 1187-1197. doi: 10.1038/
541396-021-01170-y

Squizatti, M. M., Rigueiro, A. L. N., Silvestre, A. M., Pinto, A. C. J., Estevam, D. D.,
Pereira, M. C. S,, et al. (2023). Shortening the adaptation of Nellore cattle to high-concen-
trate diets using only virginiamycin as sole feed additive negatively impacts ruminal fer-
mentation and bacterial community. Front. Vet. Sci. 10:1089903. doi: 10.3389/
fvets.2023.1089903

Steele, M. A., Vandervoort, G., AlZahal, O., Hook, S. E., Matthews, J. C., and McBride, B.
(2011). Rumen epithelial adaptation to high-grain diets involves the coordinated regula-
tion of genes involved in cholesterol homeostasis. Physiol. Genomics 43, 308-316. doi:
10.1152/physiolgenomics.00117.2010

Stewart, R. D., Auffret, M. D., Warr, A., Wiser, A. H., Press, M. O., Langford, K. W,, et al.
(2018). Assembly of 913 microbial genomes from metagenomic sequencing of the cow
rumen. Nat. Commun. 9:870. doi: 10.1038/s41467-018-03317-6

Tapio, L, Fischer, D., Blasco, L., Tapio, M., Wallace, R. J., Bayat, A. R, et al. (2017). Taxon
abundance, diversity, co-occurrence and network analysis of the ruminal microbiota in
response to dietary changes in dairy cows. PLoS One 12:€0180260. doi: 10.1371/journal.
pone.0180260

Taxis, T. M., Wolff, S., Gregg, S. J., Minton, N. O., Zhang, C., Dai, ], et al. (2015). The
players may change but the game remains: network analyses of ruminal microbiomes

frontiersin.org


https://doi.org/10.3389/fmicb.2026.1735296
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3168/jds.2024-25057
https://doi.org/10.3168/jds.2024-25057
https://doi.org/10.4137/BBI.S15389
https://doi.org/10.1093/jas/skad108
https://doi.org/10.1017/S1751731118001957
https://doi.org/10.3389/fvets.2025.1518571
https://doi.org/10.1017/S1751731110000546
https://doi.org/10.1017/S1751731110000546
https://doi.org/10.1017/S1751731112000419
https://doi.org/10.1111/jpn.12306
https://doi.org/10.3168/jds.2006-478
https://doi.org/10.3168/jds.2006-478
https://doi.org/10.1017/S1751731119003252
https://doi.org/10.1017/S1751731119003252
https://doi.org/10.3389/fmicb.2015.01313
https://doi.org/10.3389/fmicb.2015.01313
https://doi.org/10.1079/BJN19960029
https://doi.org/10.3390/ani15192910
https://doi.org/10.2527/1998.761275x
https://doi.org/10.3389/fvets.2023.1090107
https://doi.org/10.1016/j.animal.2024.101319
https://doi.org/10.1017/S0954422409990163
https://doi.org/10.1371/journal.pone.0083424
https://doi.org/10.1139/cjas-2018-0031
https://doi.org/10.3389/fmicb.2020.01865
https://doi.org/10.37496/rbz5220210229
https://doi.org/10.37496/rbz5220210229
https://doi.org/10.1016/j.anifeedsci.2011.12.004
https://doi.org/10.1016/j.tvjl.2007.12.016
https://doi.org/10.1007/s00248-017-0940-z
https://doi.org/10.1007/s00248-017-0940-z
https://doi.org/10.1007/s00248-010-9692-8
https://doi.org/10.1007/s00248-010-9692-8
https://doi.org/10.1038/ismej.2014.14
https://doi.org/10.3168/jds.S0022-0302(03)73704-7
https://doi.org/10.3389/fvets.2023.1067434
https://doi.org/10.3389/fvets.2021.692705
https://doi.org/10.1016/S0168-6445(03)00019-6
https://doi.org/10.1016/S0168-6445(03)00019-6
https://doi.org/10.1126/science.1058830
https://doi.org/10.1093/femsec/fiy061
https://doi.org/10.1093/femsec/fiy061
https://doi.org/10.3390/fermentation9020114
https://doi.org/10.3390/fermentation9020114
https://doi.org/10.1128/aem.01581-23
https://doi.org/10.1038/ismej.2016.62
https://doi.org/10.3389/fphys.2019.01305
https://doi.org/10.3389/fphys.2019.01305
https://doi.org/10.1080/09712119.2023.2191679
https://doi.org/10.1038/s41564-018-0225-4
https://doi.org/10.1038/s41396-021-01170-y
https://doi.org/10.1038/s41396-021-01170-y
https://doi.org/10.3389/fvets.2023.1089903
https://doi.org/10.3389/fvets.2023.1089903
https://doi.org/10.1152/physiolgenomics.00117.2010
https://doi.org/10.1038/s41467-018-03317-6
https://doi.org/10.1371/journal.pone.0180260
https://doi.org/10.1371/journal.pone.0180260

Souza et al.

suggest taxonomic differences mask functional similarity. Nucleic Acids Res. 43,
9600-9612. doi: 10.1093/nar/gkv973

Ungerfeld, E. M. (2020). Metabolic hydrogen flows in rumen fermentation: principles and
possibilities of interventions. Front. Microbiol. 11:589. doi: 10.3389/fmicb.2020.00589

Van Soest, P. J. (1994). Nutritional ecology of the ruminant. 2nd Edn. Ithaca, NY: Cornell
University Press.

Vakili, A. R., Khorrami, B., Mesgaran, M. D., and Parand, E. (2013). The effects of thyme
and cinnamon essential oils on performance, rumen fermentation and blood metabolites
in Holstein calves consuming high concentrate diet. Asian-Australas. J. Anim. Sci. 26,
935-944. doi: 10.5713/ajas.2012.12636

Wallace, R. J., Sasson, G., Garnsworthy, P. C., Tapio, L., Gregson, E., Bani, P, et al. (2019).
A heritable subset of the core rumen microbiome dictates dairy cow productivity and
emissions. Sci. Adv. 5:eaav8391. doi: 10.1126/sciadv.aav8391

Wang, C., Niu, Y., Zhang, P, Lu, Q,, Yang, J., Chen, N, et al. (2025). Effects of yeast culture
(Saccharomyces cerevisiae) on growth performance, serum biochemistry, rumen fermen-
tation and microbiota of intake-restricted multiparous Suffolk sheep. Front. Microbiol.
16:1601805. doi: 10.3389/fmicb.2025.1601805

Wang, D., Chen, L., Tang, G., Yu, J., Chen, J., Li, Z., et al. (2023). Multi-omics revealed the
long-term effect of ruminal keystone bacteria and the microbial metabolome on lactation
performance in adult dairy goats. Microbiome 11:215. doi: 10.1186/s40168-023-01652-5

Wang, Y., and Guan, L. L. (2022). Translational multi-omics microbiome research for
strategies to improve cattle production and health. Emerg. Top. Life Sci. 6, 201-213. doi:
10.1042/ETLS20210257

Wang, L., Zhang, G., Xu, H.,, Xin, H., and Zhang, Y. (2019). Metagenomic analyses of
microbial and carbohydrate-active enzymes in the rumen of Holstein cows fed different
forage-to-concentrate ratios. Front. Microbiol. 10:649. doi: 10.3389/fmicb.2019.00649

Weimer, P. J. (2015). Redundancy; resilience, and host specificity of the ruminal micro-
biota: implications for engineering improved ruminal fermentations. Front. Microbiol.
6:296. doi: 10.3389/fmicb.2015.00296

Frontiers in Microbiology

15

10.3389/fmicb.2026.1735296

Weimer, P. ., Stevenson, D. M., and Mertens, D. R. (2008). Effect of monensin feeding
and withdrawal on populations of individual bacterial species in the rumen of lactating
dairy cows fed high-starch rations. Appl. Microbiol. Biotechnol. 80, 135-145. doi: 10.1007/
500253-008-1528-9

Weimer, P. ], Stevenson, D. M., Mantovani, H. C., and Man, S. L. (2010). Host specificity
of the ruminal bacterial community in the dairy cow following near-total exchange of
ruminal contents. J. Dairy Sci. 93, 5902-5912. doi: 10.3168/jds.2010-3500

Williams, A. G., and Coleman, G. S. (1992). The rumen protozoa, New York:
Springer-Verlag.

Wu, D., He, X, Lu, Y., Gao, Z., Chong, Y., Hong, J., et al. (2024). Effects of different dietary
combinations on blood biochemical indicators and rumen microbial ecology in Wenshan
cattle. Microorganisms 12:2154. doi: 10.3390/microorganisms12112154

Xu, J., Li, X, Fan, Q,, Zhao, S., and Jiao, T. (2025). Effects of yeast culture on lamb growth
performance, rumen microbiota, and metabolites. Animals 15:738. doi: 10.3390/
anil5050738

Yan, M., Séllinger, A., Carter, A., Moyano, G., Sato, Y., Parks, D. H,, et al. (2023).
Interrogating the viral dark matter of the rumen ecosystem through large-scale metage-
nomic analysis. Nat. Commun. 14:5205. doi: 10.1038/s41467-023-41075-2

Yan, M., and Yu, Z. (2024). Viruses contribute to microbial diversification in the rumen
ecosystem and are associated with certain animal production traits. Microbiome 12:94.
doi: 10.1186/s40168-024-01791-3

Zhang, J., Shi, H., Wang, Y., Li, S., Cao, Z., Ji, S., et al. (2017). Effect of dietary forage to
concentrate ratios on dynamic profile changes and interactions of ruminal microbiota
and metabolites in Holstein heifers. Front. Microbiol. 8:2206. doi: 10.3389/
fmicb.2017.02206

Zhang, Q., Ma, L., Zhang, X,, Jia, H., Tana, Guo, Y., et al. (2024). Feeding live yeast
(Saccharomyces cerevisiae) improved performance of mid-lactation dairy cows by altering
ruminal bacterial communities and functions of serum antioxidation and immune
responses. BMC Vet. Res. 20:245. doi: 10.1186/s12917-024-04073-0

frontiersin.org


https://doi.org/10.3389/fmicb.2026.1735296
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1093/nar/gkv973
https://doi.org/10.3389/fmicb.2020.00589
https://doi.org/10.5713/ajas.2012.12636
https://doi.org/10.1126/sciadv.aav8391
https://doi.org/10.3389/fmicb.2025.1601805
https://doi.org/10.1186/s40168-023-01652-5
https://doi.org/10.1042/ETLS20210257
https://doi.org/10.3389/fmicb.2019.00649
https://doi.org/10.3389/fmicb.2015.00296
https://doi.org/10.1007/s00253-008-1528-9
https://doi.org/10.1007/s00253-008-1528-9
https://doi.org/10.3168/jds.2010-3500
https://doi.org/10.3390/microorganisms12112154
https://doi.org/10.3390/ani15050738
https://doi.org/10.3390/ani15050738
https://doi.org/10.1038/s41467-023-41075-2
https://doi.org/10.1186/s40168-024-01791-3
https://doi.org/10.3389/fmicb.2017.02206
https://doi.org/10.3389/fmicb.2017.02206
https://doi.org/10.1186/s12917-024-04073-0

	Review: Shifts of rumen microbiota by feeding non-fibrous carbohydrates to improve cattle performance
	1 Introduction
	2 Characteristics of the ruminal microbiota
	2.1 Bacteria
	2.2 Archaea
	2.3 Fungi
	2.4 Protozoa
	2.5 Viruses

	3 Ruminal microbiota profile in different diets
	3.1 Ruminal cross-feeding and diet transition
	3.2 Cross-feeding in equilibrium state
	3.3 What destabilizes cross-feeding?
	3.4 Ruminal cross-feeding: balance and imbalance

	4 Nutritional strategies to modulate ruminal microbiota and fermentation in high-concentrate diets
	4.1 The nutritional framework: establishing microbial resilience
	4.2 Feed additives as targeted tools for microbial modulation
	4.3 Combined nutritional strategies: synergies and practical limitations

	5 Future perspectives and applications in intensive production
	6 Final considerations

	References

