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Abstract
Rumen microbiota transplantation (RMT) is garnering increasing attention as a strategy to modulate the rumen micro-
biome in ruminants, aiming to improve animal health and production performance. This review systematically evalua-
tes RMT research published over the past two decades across diverse ruminant species and production systems. Based 
on our systematic literature analysis of over 200 publications, which distinguishes between controlled trials and obser-
vational studies, we find that in controlled trials, RMT can enhance feed efficiency (range: 5-15%) and reduce metha-
ne emissions (range: 10-30%) in beef and dairy cattle. Observational studies report a wider range, with some showing 
improvements up to 20% in feed efficiency and 35% in methane reduction, but these are subject to greater confoun-
ding factors. Others report limited or adverse effects, with outcomes varying substantially based on donor selection, 
transplant dosage, administration routes, and recipient physiological status. Currently, RMT research remains in early 
stages with significant methodological variations. Although existing evidence supports its efficacy, substantial gaps per-
sist in understanding its mechanisms. This review synthesizes current knowledge on rumen microbiota succession pat-
terns, critically evaluates existing RMT studies, and reconciles inconsistent findings by examining methodological varia-
tions and contextual factors. We propose a comprehensive mechanistic framework integrating microbial colonization, 
competitive exclusion, metabolic remodeling, and immune regulation. Furthermore, we explore the potential of uti-
lizing co-evolved natural microbial communities as transplant material, representing a paradigm shift from conventi-
onal probiotic approaches toward ecosystem-level interventions. As our understanding deepens, RMT holds promise 
as a valuable tool for sustainable livestock production. Nevertheless, ongoing research remains crucial to elucidate do-
se-response relationships, establish evidence-based standardized protocols, and validate long-term efficacy and safety.
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1. Introduction

Rumen microbiota transplantation (RMT) has attrac-
ted considerable attention as an emerging strategy to 
improve ruminant health and productive performance 
through modulation of the rumen microecology.1,2 Accu-
mulating evidence suggests that RMT has the potential 
to enhance feed efficiency, mitigate methane emissi-
ons, and strengthen disease resistance. Nevertheless, 
outcomes vary markedly across studies, with some in-
vestigations even documenting adverse effects.3-11 This 
inconsistency arises principally from insufficient stan-
dardization of donor selection, graft preparation, reci-
pient status, and procedural protocols, and also reflects 
an incomplete mechanistic understanding of RMT.11 Cri-
tically, the field still lacks standardized methodological 
frameworks comparable to those established for human 
fecal microbiota transplantation (FMT). Current RMT 
studies display profound variability in donor screening 
criteria (e.g., shotgun metagenomics versus 16S rRNA 
gene profiling), graft processing conditions (anaerobic 
versus microaerophilic preparation; fresh versus cryop-
reserved inocula), and quality control measures (e.g., 
viability staining, metabolomic fingerprinting). Such 
methodological heterogeneity not only hampers cross-

study comparability but also conceals the true thera-
peutic potential of RMT. Therefore, the development 
and validation of robust, reproducible RMT protocols 
that are translatable from research settings to commer-
cial livestock operations is urgently needed. This review 
systematically examines rumen microbiota composition 
and succession, summarizes progress in RMT research, 
analyzes putative mechanisms involving microbial co-
lonization, metabolic remodeling, and immune regu-
lation, and explores the innovative potential of using 
co-evolved natural microbial communities as transplant 
material. With deepening insight into rumen microbio-
me functions and host-microbe interactions, RMT and 
related microbial intervention strategies hold promise 
as effective tools for promoting sustainable livestock 
production. High-quality studies are, however, urgently 
required to establish standardized protocols and eluci-
date long-term effects.

Ruminants harbor a highly complex rumen microbi-
ome predominantly composed of bacteria, alongside 
archaea, fungi, protozoa, and viruses; the vast majori-
ty of these members form symbiotic relationships with 
the host.12-14 These symbionts play crucial roles, includ-
ing breaking down cellulose, providing nutrients such 
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as volatile fatty acids, enhancing host immune function 
against pathogens, and maintaining the integrity of the 
rumen epithelial barrier.15-19 Recent comprehensive re-
views have further elucidated the diversity and func-
tional roles of the ruminal microbiome, highlighting 
the complex interactions between different microbial 
groups and their contributions to host nutrition, immu-
nity, and metabolic health.20 Advanced omics technol-
ogies, including metagenomics, metatranscriptomics, 
and metabolomics, have enabled deeper understanding 
of rumen microbiome functions, revealing the intricate 
metabolic networks and gene expression patterns that 
underpin efficient feed conversion and nutrient utili-
zation in ruminants.21,22 These technological advances 
provide the foundation for developing targeted micro-
biome interventions such as RMT. Conversely, rumen 
microbes benefit from a stable anaerobic environment, 
constant temperature, and continuous nutrient supply 
provided by the host.23 Consequently, the relationship 
between the host and rumen microbiota is regarded as 
a classic example of cooperative and mutually beneficial 
symbiosis, from which both parties derive significant 
advantages. This perspective has given rise to the con-
cept of the “holobiont” or “metaorganism,” viewing the 
host and its co-evolved microbial community as a uni-
fied evolutionary or functional unit.24,25 After establish-
ing mutualistic relationships with ruminant hosts, these 
microbes have undergone accelerated evolution, form-
ing lineages that are closely related at the species level 
but highly diverse at the strain level. The structure and 
diversity of the rumen microbiota profoundly reflect in-
tense host selection pressures and coevolutionary histo-
ry. The distribution patterns of certain microbial groups 
across different ruminant species suggest ancient sym-
biotic relationships.26,27

The composition and structure of the rumen microbiota 
are governed by both stochastic (random) and determin-
istic (selective) processes.28 Stochastic factors comprise 
chance microbial encounters during early colonization 
and environmental fluctuations, whereas deterministic 
factors encompass host genetic selection, dietary com-
position, ruminal physicochemical conditions, and inter-
microbial interactions. Disentangling the relative contri-
butions of these forces is essential for predicting RMT 
outcomes and refining transplantation strategies. How-
ever, feeding management practices, antibiotic admin-
istration, environmental stressors, pasture hygiene, and 
abrupt dietary shifts can disrupt rumen microbial diver-
sity and associated beneficial functions, leading to tem-
porary or irreversible erosion of the microbial ecosys-
tem’s contributions.29,30 This disruption termed rumen 
dysbiosis is closely linked not only to digestive disorders 
such as acute or subacute ruminal acidosis, but also to 
poor growth performance, metabolic disturbances, and 
heightened susceptibility to infections.31-33 For example, 
despite intensified husbandry and stringent biosecurity 
in modern intensive production systems, the incidence 
of certain digestive and metabolic disorders remains 
persistently high, suggesting that excessively sanitized, 
controlled environments may displace ancestral indige-
nous microbes critical for resisting pathogen coloniza-
tion. These indigenous microbes limit the invasion and 
proliferation of exogenous pathogens through compet-
itive exclusion (the occupancy effect) and activation of 

host immune responses.34,35Restoring the host’s indig-
enous microbiota via microbial intervention thus rep-
resents a viable solution.36,37 In line with this, mechanis-
tic studies have shown that transplanting specific rumen 
microbial communities enhances infection resistance by 
modulating the host innate immune response.38,39

Historically, antibiotics and chemical drugs have served 
as the principal interventions for preventing and treat-
ing infectious and metabolic diseases in ruminant live-
stock production.40-42 Their widespread use, however, 
has not only inadvertently driven the proliferation of 
antimicrobial resistance (AMR) and drug residues in the 
food chain but has also exacerbated rumen dysbiosis, 
raising serious concerns about long-term animal health 
and production sustainability.43-52 Probiotic therapy has 
emerged as a potential alternative,53-55 yet its practical 
application is often constrained because the formu-
lations typically lack host-specific microorganisms ca-
pable of adapting to the complex rumen environment 
and achieving stable colonization.56,57 Consequently, ex-
ploiting the microbiome to support animal health has 
become a research priority, spurring the development 
of novel rumen microbiota transplantation (RMT) strat-
egies.58-61

The concept of RMT is inspired by the success of fe-
cal microbiota transplantation (FMT) in human medi-
cine.62,63 FMT is widely adopted and has proven highly 
effective against recurrent Clostridium difficile infection, 
and it is now being explored for metabolic syndrome 
and inflammatory bowel disease.64 These achievements 
have motivated the extension of microbiota transplan-
tation into livestock systems.65 Studies have demonstrat-
ed that RMT or analogous microbial interventions can 
improve rumen health and disease resistance in small 
ruminants such as sheep and goats, reduce methane 
emissions, and enhance feed conversion efficiency.66,67 
Recent mechanistic investigations have shown that RMT 
influences multiple physiological processes including ru-
men development, nutrient digestion and metabolism, 
immune modulation, and growth performance through 
interactions between transplanted microbiota and host 
tissues that involve microbial metabolites (e.g., short-
chain fatty acids), immune signaling cascades, and epi-
genetic modifications.68 In beef and dairy cattle, RMT 
has been reported to increase daily weight gain, im-
prove milk fat percentage, and lower the risk of rumi-
nal acidosis.69,70 Nevertheless, some studies document 
unsatisfactory outcomes, including disrupted rumen 
fermentation, reduced feed intake, and even growth in-
hibition.71 Factors contributing to this variability include 
recipient age and physiological state, donor selection 
and microbial composition, the presence of potential 
pathogens in the inoculum, microbial viability and ac-
tivity, transplant dosage, and the colonization success of 
exogenous strains in the recipient rumen.11,71

To provide a comprehensive and critical evaluation of 
RMT, this review was informed by a systematic literature 
search. PubMed, Web of Science, and Google Scholar 
were queried using combinations of the keywords “ru-
men microbiota transplantation,” “rumen fluid trans-
plantation,” “ruminal transfaunation,” and “fecal micro-
biota transplantation” with “ruminants,” “cattle,” “dairy 
cows,” “beef cattle,” “sheep,” “goats,” and “lambs” for 
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articles published between 2000 and 2025. Studies re-
porting original data on RMT applications in ruminants 
were included, with emphasis on mechanistic insights, 
production outcomes, health benefits, and method-
ological detail. Additional relevant records were identi-
fied through citation tracking and expert consultation. 
This strategy yielded over 200 publications, from which 
the most representative and highest-quality studies 
were selected for in-depth analysis.

This review is structured to address critical knowledge 
gaps and to offer an integrative analytical framework. 
Section 2 examines the development and succession 
patterns of the rumen microbiota as the biological ba-
sis for microbiota-based interventions. Section 3 traces 
the evolution of RMT from early empirical practices to 
modern mechanistic studies. Section 4 systematically 
analyzes key factors that shape RMT outcomes, with 
particular attention to dose-response relationships an 
area that remains critically understudied. Section 5 syn-
thesizes current mechanistic understanding, integrating 
evidence from competitive exclusion, metabolic remod-
eling, and immune regulatory pathways into a unified 
conceptual framework. Section 6 evaluates RMT ap-
plication outcomes across diverse production systems 
and reconciles contradictory findings by scrutinizing 
methodological variation, donor-recipient matching, 
and contextual factors. Sections 7 through 10 explore 
innovative approaches, including cross-species models 
and co-evolved microbiota transplantation, and outline 
future directions for advancing RMT as a precision tool 
in livestock management. Collectively, this review sys-
tematically organizes the evidence on RMT, with a focus 
on the potential benefits of indigenous microbiota col-
onization and the intrinsic mechanisms through which 
RMT enhances health and disease resistance in rumi-
nants, thereby providing a foundation for more targeted 
preventive and therapeutic strategies.

A critical challenge in evaluating RMT efficacy is the 
substantial heterogeneity in reported outcomes. 
While we acknowledge this “profound variability,” it 
is important to clarify that a formal meta-regression 
analysis was not conducted due to the extreme diver-
sity in study designs, outcome metrics, and reporting 
standards across the existing literature, which pre-
cludes meaningful quantitative synthesis. Instead, we 
have systematically categorized the qualitative sourc-
es of this heterogeneity. For example, donor screen-
ing methods (16S rRNA profiling vs. shotgun metag-
enomics) can lead to different microbial community 
characterizations, but the direct quantitative impact 
on transplant success remains unquantified in the lit-
erature. Similarly, graft processing (anaerobic vs. mi-
croaerophilic preparation) and preservation (fresh vs. 
cryopreserved) likely affect microbial viability, but few 
studies report viability metrics. Our statement that 
heterogeneity “masks true therapeutic potential” is an 
inference drawn from the observation that well-con-
trolled studies with standardized protocols (e.g., ear-
ly-life intervention, adequate dosing) consistently 
show positive outcomes, whereas those with high vari-
ability in methods show mixed results. This is a hypoth-
esis that requires future testing through standardized, 
multi-center trials, not a definitive conclusion.

2. Development of the Rumen Microbiota

2.1. Genetic Influence on the Rumen Microbiota

Host genetics is a primary determinant of gut micro-
biota composition in mice, humans, and livestock.72 In 
ruminants, the influence of host genetics on the rumen 
microbiota is increasingly recognized, with pronounced 
differences in microbial communities reported between 
cattle or sheep breeds.3 Even under identical husband-
ry conditions and comparable diets, the abundance 
of specific microbial groups such as cellulolytic bacte-
ria or methanogenic archaea differs between Holstein 
and Jersey cows, and between breeds such as Angus 
and Wagyu, underscoring the substantial role of genet-
ic background in shaping rumen microbial community 
structure.73,74

Genome-wide association studies (GWAS) have further 
identified significant associations between host genetic 
variants and the abundance of particular rumen micro-
bial taxa, and these microbiota features exhibit herita-
bility.75-77 Dairy cows harboring different milk protein 
genotypes possess distinct rumen microbial communi-
ty structures, a pattern linked to genotype-dependent 
modulation of oligosaccharide or peptide concentra-
tions in the rumen.34,78 Certain alleles are associated 
with fermentation profiles that favor fiber-degrading 
bacteria such as  Prevotella  and  Ruminococcus, while 
suppressing methanogenic archaea including Methano-
bacterium.79 Another GWAS mapped single-nucleotide 
polymorphisms (SNPs) associated with total volatile fat-
ty acid concentrations to genomic regions near genes 
involved in short-chain fatty acid metabolism and host 
immune regulation, suggesting that the host shapes 
microbial function through metabolic and immune sig-
naling pathways.80 In a study spanning two cattle herds, 
dozens of SNPs were associated with the abundance 
of core rumen microbial taxa;73 these markers, located 
near genes implicated in immune function and epithe-
lial integrity, were linked to shifts in the abundance of 
genera such as Lactobacillus and Saccharomyces.81 Col-
lectively, these findings demonstrate that host genetic 
loci can influence rumen microbial community structure 
and function by regulating the abundance of keystone 
functional groups.

Although the majority of genetic studies have focused 
on cattle owing to their economic importance and the 
availability of genomic resources, the principles gover-
ning host genetic influences on the rumen microbiota 
are likely conserved across ruminant species. The iden-
tified mechanisms immune-mediated selection, meta-
bolic pathway regulation, and epithelial barrier modu-
lation represent fundamental host microbe interaction 
pathways shared across mammals. However, the speci-
fic genetic loci, affected microbial taxa, and effect sizes 
probably differ among ruminant species, reflecting their 
distinct evolutionary histories and ecological niches. The 
genetic basis of microbiota variation carries direct imp-
lications for rumen microbiota transplantation (RMT): 
within-species donor recipient genetic matching may 
enhance engraftment success, whereas cross-species 
RMT could encounter additional barriers arising from 
phylogenetic incompatibility between the host genoty-
pe and the donor microbiota.
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2.2. The Regulatory Role of Dietary Composition on the 
Rumen Microbiota of Ruminants

Dietary composition is a decisive driver of rumen micro-
bial community structure and function in ruminants.81 
This is especially apparent at the transition from the 
suckling to the roughage phase, when the rumen mic-
robiota shifts fundamentally from the dominance of 
lactic acid-utilizing bacteria to that of fiber-degrading 
bacteria, a hallmark of rumen functional maturity.82 The 
dietary ratio of structural carbohydrates (e.g., neutral 
detergent fiber and acid detergent fiber) to non-fiber 
components (e.g., starch) directly governs the relative 
dominance of fiber-degrading bacteria (e.g.,  Fibroba-
cter,  Ruminococcus flavefaciens) and starch-degrading 
bacteria (e.g., Succinimonas amylolytica, Prevotella) wit-
hin the rumen.83 Elevating dietary fiber content typically 
enhances the activity of fiber-degrading bacteria, pro-
motes volatile fatty acid production (particularly aceta-
te), and may suppress methanogen abundance, thereby 
shifting fermentation patterns toward a more favorable 
profile.9,83 Recent work by Lin et al. further elucidated 
the diet-influenced degradation cascades orchestrated 
by lignocellulolytic microbiomes in dairy cattle, highli-
ghting how specific bacterial consortia sequentially deg-
rade cellulose and hemicellulose in response to dietary 
fiber composition.246

Concurrently, dietary protein levels and sources serve as 
critical levers for regulating the rumen microbiota.84,85 
Excessive intake of non-protein nitrogen or degradable 
proteins may exceed the rumen microbial assimilation 
capacity, leading to abnormal increases in ammonia nit-
rogen concentration, promoting the growth of bacteria 
such as Bacillus, and potentially disrupting rumen pH ho-
meostasis to induce microbial dysbiosis.86,87 Furthermore, 
specific amino acid supplements have been demonst-
rated to precisely regulate rumen microbial metabolic 
pathways.88,89 For instance, supplementation with methi-
onine and lysine provides preferred nitrogen sources or 
growth factors for key rumen microorganisms, stimula-
ting their proliferation. This optimizes nitrogen metabo-
lism efficiency and enhances fermentation functions.88,90

2.3. Successional Patterns of the Ruminant Microbial 
Community Lifecycle

The rumen microbial community follows a distinct suc-
cessional trajectory, progressing from initial colonization 

to mature stability over the animal’s lifetime (Figure 1). 
As the host develops, the diet shifts from readily digest-
ible components to fibrous forages, driving a marked 
increase in microbial diversity and expanding the eco-
logical niche for bacteria that degrade complex plant 
polysaccharides.91,92 The most pronounced restructuring 
of the rumen microbiota coincides with the transition 
from milk to solid feed, and functional stability is gradu-
ally attained during the growing phase.93,94

In newborn ruminants, the rumen is first colonized by 
aerobic and facultative anaerobic bacteria acquired 
from the maternal environment, predominantly Strep-
tococcus,  Enterococcus, and  Escherichia coli.95 The on-
set of feeding rapidly establishes anaerobic conditions 
that favor the proliferation of obligate anaerobes such 
as  Bacteroides,  Clostridium, and  Lactobacillus.15,96 Qiu 
et al. demonstrated that feeding non-pasteurized milk 
enhances early colonization and persistence of Lactoba-
cillus  species in dairy calves, promoting a more stable 
hindgut microbiome, which may have implications for 
rumen establishment as well.247 During the first 1-2 
weeks of life, rumen microbial diversity begins to in-
crease and the community structure shifts toward an 
adult-like pattern, although substantial inter-individual 
variation remains.91,97

Throughout the suckling period (2-8 weeks), the rumen 
microbiota is dominated by milk-utilizing bacteria, re-
flecting a community structure adapted to milk diges-
tion. The predominant genera at this stage include Lac-
tobacillus,  Veillonella,  Succinivibrio, and  Clostridium, 
while fiber-degrading bacteria such as Prevotella begin 
to proliferate gradually.97,99

The introduction of solid feed triggers a fundamental re-
organization of the rumen microbiota, characterized by 
a decline in bacteria that utilize milk-derived substrates 
(e.g., Lactobacillus) and a concomitant expansion of fi-
ber-degrading functional guilds (including  Ruminococ-
cus, Ruminococcus flavefaciens, and Succinivibrio). This 
structural shift is accompanied by adaptive changes 
in the functional gene repertoire, most notably a pro-
nounced enrichment of cellulolytic enzyme systems 
and volatile fatty acid synthesis pathways, reflecting 
the metabolic reprogramming of the microbiome in re-
sponse to the altered dietary environment.16,99

During the growing phase (3-6 months), rumen microbial 
diversity continues to rise and a more stable community 

Figure 1: Schematic diagram of the composition and diversity changes of intestinal microbiota in ruminants at different growth sta-
ges, showing the dominant microbial species during the neonatal period, lactation period, solid feed introduction period, growth 
period, and adult period, as well as the dynamic changes of α-diversity and β-diversity.
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architecture emerges.  Prevotella,  Ruminococcus,  Ru-
minococcus flavefaciens, and  Methanosarcina  become 
dominant, signaling the functional maturation of the 
animal›s capacity to digest fibrous feed.100

By adulthood (after 6 months), the rumen microbial 
community attains a highly stable configuration, with 
markedly reduced inter-individual variation.101 The phy-
la Firmicutes and Bacteroidetes constitute the dominant 
bacterial lineages, and the genus  Prevotella  maintains 
high abundance across breeds, diets, and management 
regimens, confirming its status as a core member of 
the ruminant microbiome.16,102 Studies have verified 
that Clostridium, Ruminococcus, and methanogens per-
sist in over 90% of ruminant samples, displaying notable 
spatial and temporal stability.103,104 A cross-population 
comparative survey further identified 58 core microbial 
groups shared between wild and domesticated rumi-
nants.105 The persistent presence of these core micro-
bial taxa attests to the mutualistic relationship forged 
through long-term host microbe coevolution.

2.3.1. Species-Specific Variations in Rumen Microbiota 
Succession

While the fundamental succession pattern described 
above from aerobic pioneers to anaerobic specialists, 
and from milk-utilizing to fiber-degrading communi-
ties is conserved across ruminant species, the specific 
timing, pace, and endpoint composition of microbiota 
development may vary among species due to differen-
ces in rumen anatomy, growth rates, dietary niches, and 
evolutionary adaptations. The cross-population compa-
rative study mentioned above identified 58 core mic-
robial groups common to both wild and domesticated 
ruminants,105 confirming the existence of a conserved 
core microbiome. However, the relative abundances of 
these core taxa, as well as the presence of species-spe-
cific accessory microbiota, likely differ among cattle, 
sheep, goats, and other ruminants. These differences 
reflect species-specific adaptations to distinct ecological 
niches: cattle as grazers adapted to grasslands, sheep as 
mixed feeders, and goats as browsers adapted to diver-
se plant communities.

2.3.2. Implications for RMT

These potential species-specific differences have impor-

tant implications for RMT protocol design. Within-spe-
cies transplantation (e.g., cattle to cattle) is likely to face 
lower colonization resistance compared to cross-species 
transplantation, as donor microbiota are pre-adapted to 
the recipient’s host environment. The optimal timing 
for early-life RMT intervention may also vary among 
species, depending on the pace of rumen development 
and microbiota maturation. Further comparative stu-
dies across ruminant species are needed to establish 
species-specific RMT protocols and to determine the 
feasibility and efficacy of cross-species transplantation 
approaches.

3. History of RMT

Rumen microbiota transplantation (RMT) is an emerging 
biotechnology aimed at improving digestive metabolism 
and production performance in ruminants through the 
regulation of microbial composition within the rumen. 
The development of this technology has followed a sys-
tematic progression from theoretical exploration to pra-
ctical application (Figure 2).

In the 17th century, the Italian anatomist Acquapenden-
te described the transfer of chewed food essentially 
gastrointestinal contents from healthy animals to sick 
ones as a treatment for digestive disorders, an early pro-
totype of rumen content transplantation that later gai-
ned traction in veterinary practice.106 By 1776, Swedish 
herders were administering fresh rumen contents from 
healthy cattle and sheep to treat digestive ailments in 
their own stock, spurring wider experimentation with 
the transplantation of rumen chyme or rumen fluid.107 
Singh et al. conducted pioneering interspecies RMT 
by exchanging rumen contents between water buffalo 
and zebu cattle.108 In 1976, Waymack produced a free-
ze-dried bacterial powder from the rumen fluid of adult 
sheep adapted to urea-based diets and fed it to lambs 
to shorten their adaptation to urea-nitrogen feed, the-
reby expanding the range of RMT application forms.109 
Subsequent comparisons of fresh and freeze-dried ru-
men fluid as inoculants showed that both promoted 
recipient growth performance, although fresh rumen 
fluid yielded superior results.110,111 Yu et al. further de-
monstrated that freeze-dried rumen fluid powder pre-
pared by two-step high-speed centrifugation improved 
the digestion of non-structural carbohydrates in starter 

Figure 2: Schematic timeline of the development of rumen microbiota transplantation (RMT), summarizing the key development 
milestones of RMT in the livestock industry from the 17th century to the future, including the proposal of the concept, research 
on cross-species trans-plantation, application of freeze-drying technology, and the future development direc-tion of gene-edited 
microbiota transplantation.
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feed by weaning lambs.111 In recent years, RMT research 
has intensified, with increasing attention directed at the 
roles of individual and composite microbial metaboli-
tes112-114 and protozoa,115-117 as well as the interactions 
and functional characteristics of transcriptionally active 
microbes following transplantation.118 With continued 
biotechnological progress, future RMT strategies may 
evolve toward the transplantation of genetically edited 
rumen microorganisms, enabling safer, more precise, ef-
ficient, and durable applications.

3.1. Preservation Techniques and Their Impact on RMT 
Efficacy

The historical development of RMT includes the introdu-
ction of freeze-drying (lyophilization) as a preservation 
technique, first reported by Waymack109 for preparing 
rumen fluid powder to shorten lambs’ adaptation to 
urea-based diets. While this represented a step toward 
practical application, the efficacy of freeze-drying com-
pared to fresh rumen fluid requires critical evaluation. 
Studies comparing fresh versus freeze-dried rumen fluid 
have consistently shown that fresh rumen fluid yields 
superior results in promoting growth performance in 
recipient animals.110,111 This suggests that freeze-drying 
may compromise microbial viability or metabolic ac-
tivity. However, systematic data on viability recovery 
rates after freeze-drying are scarce. Few studies report 
the proportion of viable bacteria surviving the process, 
and it remains unclear whether the surviving microbial 
load is sufficient to meet optimal inoculum dose targets. 
Furthermore, the impact of freeze-drying on the meta-
bolomic fingerprint of the inoculum including the pre-
servation of short-chain fatty acids, vitamins, and other 
bioactive molecules has not been systematically evalu-
ated. More modern preservation techniques, such as 
controlled-rate cryopreservation with novel cryoprote-
ctants (e.g., trehalose, skim milk), are being explored to 
maintain higher post-thaw viability. The establishment 
of ‘rumen biobanks’ containing well-characterized, via-
bility-tested inocula would represent a significant met-
hodological advance. However, whether different pre-
servation methods yield different therapeutic outcomes 
remains an open question requiring direct comparative 
studies. Future research should prioritize systematic 
evaluation of preservation techniques, including viability 
assessment using propidium monoazide (PMA)-coupled 
qPCR and functional potency testing through in vitro gas 
production or VFA profiling.

4. Key Factors Influencing RMT Outcomes and Clinical 
Challenges

Despite its significant potential, rumen microbiota 
transplantation (RMT) exhibits substantial heterogene-
ity in clinical outcomes. This inconsistency arises from 
variations in multiple critical stages of the transplanta-
tion process. Achieving standardized and reproducible 
RMT requires careful, systematic consideration of these 
factors (Table 1).

4.1. Quality Control of Donors and Grafts

Donor selection is a key determinant of the success 
of rumen microbiota transplantation (RMT). Evidence 
indicates that donor attributes including breed, age, 

genetic background, and dietary nutrient composition 
profoundly shape rumen microbial community structu-
re and, consequently, the functional properties of the 
graft.119 For example, donors maintained on high-fiber 
diets provide rumen fluid enriched in fiber-degrading 
bacteria, whereas those on high-concentrate diets tend 
to harbor predominantly starch-degrading bacteria. 
Matching donor microbial profiles to transplantation 
objectives, such as enhancing fiber digestion or allevia-
ting acidosis, is therefore essential.

4.2. Recipient Developmental Stage and Innate 
Microbiota

The developmental stage of the recipient rumen is a 
major determinant of exogenous microbial colonization. 
In young ruminants such as suckling lambs and calves 
the rumen microbiota is in early succession, exhibiting 
limited diversity and weak colonization resistance; this 
developmental window is therefore regarded as the 
optimal period for RMT.27,122 Performing transplantation 
during this phase facilitates the successful engraftment 
of exogenous microbes and directs the rumen micro-
ecology toward a desired trajectory. In contrast, the 
rumen microbial communities of adult ruminants are 
stable, functionally redundant, and strongly resistant to 
invasion by exogenous microorganisms, often resulting 
in transient and negligible RMT effects.123,124

4.3. Standardization of Transplantation Strategies

No standardized protocols currently exist for rumen 
microbiota transplantation (RMT) with respect to admi-
nistration route (oral, orogastric tube, or fistula infusi-
on), dosage (ranging from milliliters to tens of liters), or 
treatment frequency. This lack of methodological stan-
dardization is a primary reason for the poor cross-study 
comparability and inconsistent outcomes observed in 
the literature. The development of evidence-based, 
standardized protocols requires systematic analysis of 
dose-response relationships, administration frequency, 
and route selection areas that have received limited at-
tention in published research.

4.3.1. Dose-Response Relationships in RMT

The efficacy of RMT is critically dependent on transplant 
dosage, yet systematic dose-response studies rema-
in scarce. Available evidence from published literature 
reveals that effective dosages vary substantially based 
on recipient age, body weight, physiological status, and 
treatment objectives.

In adult cattle, successful microbiota remodeling typi-
cally requires high-volume rumen content exchange. 
Studies report that replacement of substantial proporti-
ons of total rumen capacity can induce significant shifts 
in microbial composition and transient improvements 
in feed efficiency, though effects often diminish within 
days to weeks.4,123 For example, a study on milk fat dep-
ression showed that repeated replacement of rumen 
contents effectively restored fatty acid synthesis and 
milk fat content.70 In contrast, lower volumes administe-
red via fistula in adult animals showed minimal impact 
on established microbiota, suggesting a threshold effect 
for overcoming colonization resistance. For therapeutic 
applications such as treating subacute ruminal acido-
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Table 1:  Summary of Key Factors Affecting RMT Effectiveness

Research Objectives
Specific 

Challenges/Variables
Current Research Consensus or Recommendations References

Donor Screening Breed, age, health status, diet

Donors should be selected based on the absence of 
specific pathogens and physiological compatibility 

with the transplant recipient. Dietary factors influence 
microbial function.

119,120

Graft Preparation
Fresh rumen fluid vs. freeze-

dried powder, processing 
methods

Fresh solutions exhibit high activity but are difficult to 
preserve; lyophilized powders facilitate standardization 
but may suffer reduced activity. Centrifugation, filtra-

tion, and storage conditions require optimization.

111,129

Receptor status Age, innate microbiota, physio-
logical stage

Young animals (e.g., during lactation) exhibit weak col-
onization resistance, presenting the optimal window 
for RMT. Adult animals have stable microbial commu-

nities, limiting treatment efficacy.

27,122

Transplantation  
Strategy

Route (oral/nasogastric tube/
stoma), dose, frequency

Lack of uniform standards. Young animals often 
receive small doses orally in multiple administrations; 
adult animals may require large doses or high-volume 

fluid replacement.

125,126,127

Safety and Quality 
Control

Pathogen transmission, graft 
viability assessment

Establish donor health screening and transplant 
pathogen detection procedures. Physical and chemical 
indicators (pH, odor) may serve as rapid quality control 

points.

11,225,233

Note: RMT:rumen microbiota transplantation.

sis, administration of healthy rumen fluid significantly 
improved rumen pH, VFA profiles, and epithelial morp-
hology in sheep,136 indicating that disease states may 
reduce colonization resistance and enhance transplant 
efficacy.

Young ruminants during the pre-weaning period de-
monstrate successful colonization with dramatically 
lower doses, reflecting their developing rumen ecosys-
tems and reduced colonization resistance. Studies re-
port effective doses ranging from small volumes to mo-
derate amounts, administered orally over multiple days. 
For instance, lambs receiving rumen fluid showed redu-
ced rumen pH, increased VFA concentrations, improved 
organic matter digestibility, and enhanced daily weight 
gain.129 Similarly, Hu sheep lambs receiving freeze-dried 
rumen fluid exhibited enhanced feed digestibility, inc-
reased rumen enzyme production post-weaning, and 
reduced weaning stress.111 This substantial difference in 
dose requirements between young and adult animals 
underscores the critical importance of developmental 
stage in determining RMT efficacy. The limited availab-
le data suggest non-linear dose-response relationships 
with apparent threshold and saturation effects, though 
rigorous dose-response studies with multiple dose le-
vels and standardized outcomes are lacking.

Dose requirements also vary by species and application. 
Therapeutic applications (treating existing dysbiosis or 
disease) appear to require higher doses than preventi-
ve or performance-enhancing applications. For examp-
le, calves recovering from antibiotic-induced dysbiosis 
required repeated administration of rumen fluid over 
consecutive days to restore microbial stability,213 where-
as calves receiving RMT for growth promotion showed 
benefits with lower doses during early life.

Critical Knowledge Gaps: Despite these observations, ri-

gorous dose-response studies with multiple dose levels, 
standardized outcomes, and adequate statistical power 
are lacking. Future research priorities include controlled 
trials testing multiple dose levels within the same study, 
investigation of minimum effective doses to improve 
cost-effectiveness, and exploration of dose-timing inte-
ractions (e.g., single high dose vs. repeated low doses).

4.3.2. Administration Frequency and Timing

The frequency and timing of RMT administration mar-
kedly influence colonization success and the persis-
tence of treatment effects. In neonatal ruminants, re-
peated administration during the critical window of 
rumen development (the first 2-4 weeks of life) yields 
superior outcomes compared with single-dose treat-
ments. Lambs that received rumen fluid on both days 
7 and 14 exhibited enhanced rumen development rela-
tive to single-dose recipients,129 and lambs dosed daily 
from days 5 to 26 showed improved feed digestibility 
and attenuated weaning stress.111 These findings are 
consistent with the dynamic nature of early rumen co-
lonization, whereby repeated inoculation reinforces the 
establishment of donor-derived microbiota. In adult ani-
mals, the optimal administration frequency is dictated 
by the therapeutic objective. For acute conditions such 
as subacute ruminal acidosis or post-antibiotic dysbio-
sis, daily dosing over three to seven consecutive days 
is frequently reported.136,213 For chronic or preventive 
applications, six consecutive daily doses were effective 
in restoring milk fat synthesis,70 although less frequent 
regimens (weekly or biweekly) may be more practical 
for long-term management.

The timing of RMT relative to key physiological events 
has a substantial impact on outcomes. Administration 
within the first 2-4 weeks of life, when colonization re-
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sistance remains low, facilitates the establishment of 
donor microbiota.27,122 This critical window represents 
the most opportune period for shaping the long-term 
composition of the rumen microbiota. Similarly, for 
therapeutic indications, early intervention initiated at 
disease onset yields better results than delayed treat-
ment.136

A major shortcoming of existing RMT protocols is the 
frequently transient nature of the treatment effects. 
Studies in adult cattle demonstrate that both microbial 
composition and production parameters tend to return 
to baseline values within 7-14 days post-treatment.123,125 
In one example, following a 95% rumen content exc-
hange, improvements in feed efficiency were sustained 
for only 7-10 days before reverting to pre-treatment le-
vels.123 By contrast, RMT administered early in life tends 
to produce more durable responses, with benefits that 
persist through weaning and beyond in multiple re-
ports.111,129 This observation suggests that intervention 
during developmental windows may effect lasting mic-
robial “programming.

Given the short-lived nature of RMT effects in adults, 
strategies to improve their persistence may entail repe-
ated or maintenance dosing, concurrent dietary modifi-
cations that favor transplanted strains, and the selection 
of donors harboring competitively robust microorga-
nisms. Optimal maintenance schedules and integrated 
combination strategies, however, remain to be defined 
through systematic investigation.

4.3.3. Route of Administration: Comparative Analysis

The route of RMT administration influences microbial 
survival, delivery efficiency, and practical feasibility, with 
each option presenting distinct advantages and limita-
tions.

Direct rumen infusion via fistula. Fistula infusion achie-
ves virtually complete microbial delivery, precise dose 
control, and immediate deposition into the rumen. It 
also permits high-volume administration (up to 95% 
rumen content replacement) and convenient sampling. 
Studies employing this route consistently document the 
most pronounced and rapid shifts in rumen microbiota 
composition.123,136 However, fistula placement is inva-
sive, costly (surgical installation ranges from 2,000 per 
animal), largely confined to research settings, and raises 
animal welfare concerns. Accordingly, this route is reser-
ved primarily for controlled investigations, mechanistic 
studies, and proof-of-concept trials.

Oral administration via nasogastric or orogastric tube. 
Tube delivery is minimally invasive, suitable for field 
application, and provides controlled dosing of moderate 
to large volumes (1-10 L in adult cattle). It is repeatable 
and cost-effective (equipment costs $10-50). The proce-
dure does, however, require animal restraint and skil-
led personnel, may reduce microbial viability by 20-40% 
relative to fistula infusion, and induces transient stress. 
Studies using adequate tube-delivered doses have re-
ported significant modulation of the rumen microbiota 
and therapeutic benefits.127,136,213 This route is well sui-
ted for therapeutic interventions, field-based applicati-
ons, and clinical cases requiring prompt treatment.

Voluntary oral consumption. Voluntary consumption, 

achieved by mixing rumen fluid with feed or milk repla-
cer, is non-invasive, stress-free, highly practical and sca-
lable, and amenable to group administration. It requires 
minimal labor and equipment, making it cost-effective 
for commercial operations. Dosing, however, is variable 
and imprecise, palatability can limit intake (refusal rates 
of 10-50% have been reported), and per-dose delivery 
efficiency is the lowest among routes, with an estima-
ted 50-70% reduction compared with fistula infusion. 
When administered with adequate frequency and dose 
compensation, voluntary consumption yields significant 
effects, particularly in young animals.111,129 This approa-
ch is therefore ideal for preventive applications in young 
stock, large-scale commercial programs, and produ-
cer-administered regimens.

Comparative efficacy and route selection. Direct he-
ad-to-head comparisons of administration routes are 
scarce. Based on mechanistic considerations and limi-
ted comparative data, the proposed efficacy hierarchy 
for immediate microbiota restructuring (within 24-48 
h) is: fistula > tube >> voluntary consumption. For lon-
ger-term outcomes in young animals (weeks to mont-
hs), however, repeated voluntary dosing may achieve 
effects comparable to those obtained via tube. The 
optimal route is application-dependent: fistula infusion 
affords maximum control for research and acute inter-
ventions; tube delivery provides a practical balance for 
therapeutic field use; voluntary consumption excels for 
preventive applications in young animals and large-sca-
le commercial operations. In practice, fistula infusion is 
recommended for studies that aim to establish causality 
between the microbiota and host phenotypes, tube de-
livery for treating subacute ruminal acidosis in individual 
dairy cows, and voluntary consumption for commercial 
lamb growth-promotion programs.

4.3.4. Methodological Considerations for Route of 
Administration

The route of administration is a critical methodological 
variable that governs microbial viability, host stress, and 
scalability, and current options present distinct trade-of-
fs.

Rumen fistula serves as the reference standard for re-
search, permitting controlled, high-volume delivery and 
repeated sampling. It allows colonization dynamics to 
be examined without the confounding variable of upper 
gastrointestinal transit, although its invasiveness limits 
translational applicability.

Oro-esophageal gavage offers a compromise between 
experimental control and practicality. Key methodologi-
cal refinements include tube designs that minimize re-
gurgitation and ensure deep ruminal deposition, toget-
her with protective media such as anaerobic buffers 
supplemented with cryoprotectants to preserve micro-
bial viability during administration.

Voluntary ingestion represents the most scalable appro-
ach. Recent advances include encapsulating rumen fluid 
in pH-responsive polymers to protect microorganisms 
from oxygen and gastric acidity, and incorporating the 
inoculum into palatable carriers (e.g., molasses-based 
gels) to promote uniform intake. Validating the bioa-
vailability of microbes delivered by this route using hi-
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gh-resolution markers, such as stable isotope probing 
of donor-specific strains, remains a priority for future 
research.

4.3.5. Integration and Optimization Framework

Based on current evidence, preliminary guidelines for 
RMT protocol optimization can be proposed. It must be 
emphasized that these recommendations reflect expert 
opinion derived from the available literature rather than 
evidence-based standards; the strength of evidence 
varies considerably among recommendations, and all 
require validation through controlled trials.

For young ruminants (0-8 weeks of age) when the obje-
ctive is growth promotion and rumen development, the 
recommended regimen consists of 30-100 mL of fresh 
rumen fluid or 1-5 g of freeze-dried preparation per ad-
ministration. The preferred route is voluntary consump-
tion, with the inoculum mixed into milk replacer or star-
ter grain. Administration on a daily or every-other-day 
schedule for 7-21 days is advised, and treatment should 
be initiated within the first 2-4 weeks of life to capitalize 
on the critical colonization window. Expected outcomes 
include improved volatile fatty acid production, enhan-
ced digestibility, and increased average daily gain. The 
strength of evidence supporting these recommendati-
ons is moderate, as they are sustained by multiple stu-
dies albeit with limited sample sizes.111,129

For adult ruminants requiring therapeutic intervention 
for dysbiosis or subacute ruminal acidosis, a substanti-
ally larger dose of 5-10 L of fresh rumen fluid or a com-
parable degree of rumen volume replacement is recom-
mended. Fistula infusion or orogastric tube delivery is 
preferred, with daily administration for 3-7 consecutive 
days commencing at disease onset to maximize efficacy. 
Anticipated benefits include pH restoration within days, 
normalization of volatile fatty acid profiles, and clinical 
improvement. The strength of evidence for therapeutic 
use is moderate, grounded in controlled trials that await 
broader replication.136,213

For production enhancement in healthy adult rumi-
nants, a dose of 1-5 L of fresh rumen fluid delivered by 
tube or voluntary consumption on a weekly or biweekly 
schedule for 4-8 weeks is suggested. Expected improve-
ments in feed efficiency and milk production are, howe-
ver, generally modest and often transient, and the stren-
gth of evidence for this application is low.4,70

Several critical considerations apply across all applicati-
ons. Donor material must be of high quality free of pat-
hogens, exhibiting a stable rumen pH between 6.0 and 
7.0, and matched for dietary compatibility. Substantial 
inter-individual variation in response should be antici-
pated, and animal safety and welfare must be prioriti-
zed by not exceeding 70-80% of rumen capacity per ad-
ministration. Economic feasibility also warrants careful 
evaluation.

Priority areas for future research include controlled do-
se-response trials, frequency-optimization studies, he-
ad-to-head comparisons of administration routes, long-
term follow-up evaluations, donor-recipient matching 
strategies, and formal economic analyses. The pronoun-
ced differences in requirements across applications 
ranging from small volumes in lambs to near-complete 

rumen exchanges in research cattle-underscore the ne-
cessity of context-specific protocol optimization rather 
than generic recommendations. Future methodological 
developments must additionally prioritize the validati-
on of microbial viability and metabolic activity following 
delivery.

5. Mechanism of Action of RMT

Although the mechanisms by which rumen microbiota 
transplantation (RMT) improves ruminant health and 
production are not fully elucidated, existing research 
points to beneficial effects through several interconnec-
ted pathways. These mechanisms can be conceptualized 
within an integrated framework encompassing four pri-
mary pathways: (1) competitive exclusion of pathogens 
through niche occupation and resource competition; (2) 
metabolic remodeling via restoration of short-chain fat-
ty acid (SCFA) production and optimization of fermenta-
tion patterns; (3) strengthening of the intestinal epithe-
lial barrier through tight junction protein upregulation 
and mucus layer enhancement; and (4) immune system 
modulation involving both innate and adaptive respon-
ses. These mechanisms operate synergistically rather 
than independently, creating a multi-layered defense 
and optimization system that enhances host health and 
production performance.

The most widely accepted mechanism is that RMT re-
establishes a healthy microbial community and restores 
ruminal homeostasis by introducing a complex micro-
biota from a healthy donor.132 This restored commu-
nity helps reestablish natural microbial diversity, which 
suppresses pathogens through competitive exclusion 
transplanted microbes inhibit harmful pathogens by 
competing for nutrients and occupying ecological nic-
hes.135 Furthermore, transplanted beneficial microbes 
modulate the host’s immune response; they interact 
with ruminal immune cells, promote the production of 
anti-inflammatory factors like IL-10, and regulate anti-
gen-presenting cell function, thereby enhancing immu-
ne competence and reducing inflammation.133

RMT also restores key rumen metabolic functions, pri-
marily by enhancing the production of short-chain fatty 
acids (SCFAs). These metabolites provide energy to the 
host and are central to maintaining rumen epithelial he-
alth and overall metabolic balance.134 For instance, but-
yrate produced by the donor microbiota serves not only 
as a vital energy source for rumen epithelial cells but 
also acts as a signaling molecule that regulates gene exp-
ression and enhances epithelial barrier integrity (Figure 
3). Research indicates that altering the rumen microbial 
composition via RMT can induce desirable phenotypic 
changes. For example, transplanting microbiota from 
high-feed-efficiency donors improves nutrient digestibi-
lity and growth performance, correlating with microbio-
ta-regulated shifts in the Firmicutes/Bacteroidetes ratio 
and associated metabolic pathways.63

Beyond intact live microbes, microbial metabolites (e.g., 
SCFAs, bacterial polysaccharides) and functional mole-
cules (e.g., microRNAs) transferred during transplan-
tation also play crucial roles in promoting rumen epit-
helial development and regulating host immunity and 
metabolism.136 Collectively, through competitive exc-
lusion, immune regulation, metabolic restoration, and 
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the transfer of bioactive molecules, RMT is viewed as a 
promising tool to enhance ruminant health and combat 
challenges such as multidrug-resistant bacterial infecti-
ons.

5.1. Strengthening the Intestinal Epithelial Barrier

Fortifying the intestinal epithelial barrier is crucial for 
maintaining gastrointestinal homeostasis and overall 
health in ruminants. As the core organ of the ruminant 
digestive system, the rumen harbors a complex mi-
crobial community that plays an indispensable role in 
nutrient metabolism, immune regulation, and barrier 
function maintenance.137 In recent years, research into 
host-microbiota interactions has provided growing ev-
idence that regulating or transplanting the rumen mi-
crobiota (RMT) effectively enhances intestinal epithelial 
barrier function, thereby boosting host resistance to 
pathogen invasion and inflammatory responses.138

The rumen microbiota contributes to the construction 
and repair of the intestinal barrier through multiple 
mechanisms. The core defense network comprises the 
mucus layer, tight junction protein complexes, antimi-
crobial peptides, and secretory immunoglobulin A (sIgA). 
A healthy rumen microbial ecosystem promotes the in-
tegrity of the distal intestinal mucosal barrier in rumi-
nants.138 Studies indicate that rumen fluid transplanta-
tion from high-yielding dairy cows significantly increases 
MUC2 gene expression, goblet cell numbers, and mucus 
layer thickness in the colons of recipient goats. This ef-
fectively isolates potential pathogens within the lumen 
from direct contact with epithelial cells. This process 
likely involves microbial metabolites, particularly short-
chain fatty acids (SCFAs). Dominant rumen bacteria such 
as  Prevotella  and  Ruminococcus  produce substantial 
amounts of acetate, propionate, and butyrate during 
fiber degradation. These SCFAs serve as primary energy 
sources for intestinal epithelial cells and function as 
signaling molecules that regulate barrier function.138,139

Butyrate, in particular, plays multiple roles in maintain-
ing intestinal barrier integrity. In vitro studies demon-
strate that butyrate activates the AMPK signaling path-
way, promoting the phosphorylation and membrane 
localization of tight junction proteins such as ZO-1, oc-
cludin, and claudin-1, thereby significantly increasing 
transepithelial electrical resistance (TEER) and reduc-
ing permeability.139 In mouse models, sodium butyrate 
supplementation resulted in more intact tight junction 
structures in the ileal epithelium, accompanied by acti-
vation of the Akt/mTOR pathway, suggesting that butyr-
ate may inhibit LPS-induced inflammatory damage and 
accelerate barrier repair through this mechanism.140 
Furthermore, butyrate binds to the G protein-coupled 
receptor GPR109A to inhibit NF-κB p65 nuclear translo-
cation, reducing the release of proinflammatory factors 
(e.g., TNF-α, IL-6) while upregulating TGF-β expression 
and promoting regulatory T cell differentiation. This es-
tablishes an anti-inflammatory microenvironment that 
supports barrier homeostasis.141

Propionate exhibits similar effects. Studies indicate that 
dietary propionate supplementation significantly upreg-
ulates the expression of the endothelial-cell selective 
adhesion molecule (ESAM) in the jejunum, enhancing 
intercellular adhesion and reducing paracellular leakage 
of macromolecules.142 SCFAs also induce the expansion 
of Foxp3+ Treg cells in the intestinal lamina propria via 
GPR41/GPR43-mediated signaling, increasing IL-10 se-
cretion to further suppress excessive immune activation 
and prevent barrier disruption caused by chronic inflam-
mation.143

Beyond metabolites, rumen microbes themselves in-
fluence host barrier function via pattern recognition 
receptors (PRRs). Studies indicate that certain commen-
sal Lactobacillus species activate protein kinase C (PKC) 
through TLR2-dependent pathways, thereby regulating 
the coupling of ZO-1 with the actin cytoskeleton to 
stabilize tight junction homeostasis.144 In lamb trials, 

Figure 3: Schematic diagram of the mechanism of action of rumen microbiota transplantation (RMT) on rumen mucosal barrier 
and immune regulation, illustrating the roles of mi-croor-ganisms and their metabolites (e.g., short-chain fatty acids) in maintai-
ning rumen pH, regu-lating mucosal barrier integrity, influencing immune cells (e.g., T cells, dendritic cells), and related cytokines.
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individuals receiving wild yak rumen microbiota trans-
plantation exhibited higher colonic occludin and clau-
din-3 protein abundance, accompanied by upregulation 
of TLR2 and MyD88 expression. This suggests that inter-
actions between microbial ligands and the host innate 
immune system represent a key mechanism through 
which RMT improves barrier function.

Autophagy, an intracellular quality control mechanism, 
also participates in the rumen microbial regulation of 
the intestinal barrier. Recent studies reveal that in sheep 
treated with rumen microbiota transplantation (RMT), 
challenge with  E. coli  F18 significantly increased the 
expression of autophagy-related proteins such as Atg7, 
MAP1LC3B, and GABARAP in duodenal epithelial cells, 
accompanied by enhanced nuclear translocation of 
FoxO3a. This suggests that RMT may enhance epithelial 
cell self-renewal and damage clearance capacity by 
activating the FoxO signaling axis.

Furthermore, rumen microbiota reconstruction effec-
tively modulates intestinal inflammatory states. Clin-
ical observations indicate that after receiving rumen 
fluid infusion from healthy donors, calves with diar-
rhea exhibited markedly reduced serum levels of  *IL-
1β*,  TNF-α, and  IFN-γ, while  TGF-β  concentrations 
increased, suggesting a potential for reshaping immune 
tolerance.145 This anti-inflammatory effect is partial-
ly attributed to the colonization of butyrate-produc-
ing bacteria such as  Clostridium  cluster XIVa, which 
promote local immunosuppression by upregulating 
matrix metalloproteinase (MMP-2/9) activity, thereby 
facilitating the conversion of latent TGF-β  to its active 
form.

In summary, rumen microbiota transplantation syner-
gistically strengthens the intestinal epithelial barrier 
through multidimensional mechanisms: SCFA-mediated 
tight junction reorganization, MUC2-driven mucus layer 
thickening, TLR signaling-guided immune homeostasis 
restoration, and autophagy pathway-activated epithe-
lial repair.146 Although RMT applications in ruminants 
remain exploratory, existing data demonstrate its sig-
nificant potential in preventing weaning stress, alleviat-
ing diarrhea, and enhancing production performance. 
Future research should clarify key functional strains 
and their metabolic networks, optimize transplantation 
protocols, and evaluate long-term ecological stability to 
advance the precision application of this technology in 
animal husbandry.

5.2. Competitive Exclusion of Pathogens in Rumen 
Microbiota Transplantation (RMT)

IIn ruminants, the competitive exclusion effect mediat-
ed by Rumen Microbiota Transplantation (RMT) relies 
on multidimensional regulatory mechanisms orches-
trated by core functional microbiota from a healthy do-
nor rumen. Key bacterial genera such as Prevotella, Ru-
minococcus, and  Clostridium butyricum  collaborate 
to outcompete harmful microbes through niche 
occupation, nutrient competition, modulation of the 
metabolic environment, and secretion of antimicrobial 
substances.83,147 Dominant microbiota can block patho-
gen colonization sites by specifically binding to mu-
cins on the rumen epithelium (e.g., MUC1, MUC13) 
or to transmembrane pattern recognition receptors 

(e.g., TLR2). For instance, Ruminococcus  spp. enriched 
post-RMT utilize surface capsular polysaccharides to 
bind specific glycan structures on MUC13, significantly 
inhibiting the adhesion of toxigenic Clostridium perfrin-
gens and Pasteurella haemolytica. Studies indicate that 
RMT can reduce pathogenic colonization of the rumen 
epithelium, an effect associated with enhanced compet-
itive exclusion mechanisms.148

Another core mechanism involves ecological inter-
ference through restructuring the rumen’s metabolic 
microenvironment. The microbiota reconstituted by 
RMT optimizes the short-chain fatty acid (SCFA) pro-
file, notably increasing the butyrate proportion and 
maintaining the propionate-to-acetate ratio within an 
optimal range, thereby stabilizing rumen pH within the 
physiological range.137,149 This weakly acidic environ-
ment enhances the activity of fiber-degrading bacteria 
while suppressing acid-sensitive pathogens such as My-
coplasma bovis  and enterohemorrhagic  Escherichia 
coli O157:H7.150,151 Furthermore, Prevotella enriched by 
RMT can compete with potential pathogens for limited 
branched-chain amino acids (e.g., isoleucine, valine) by 
enhancing branched-chain fatty acid (BCFA) synthesis, 
thereby restricting their growth potential.152 Simul-
taneously, bile acid-like substances (e.g., deoxycholic 
acid analogues) produced by rumen microbes possess 
amphiphilic structures that disrupt the cell membrane 
integrity of Gram-positive multidrug-resistant bacteria 
like Listeria monocytogenes. Experimental studies show 
these substances increase bacterial membrane perme-
ability, leading to content leakage and cell death.153,154

Moreover, RMT can restore or enhance the synthesis of 
endogenous antimicrobial substances, a process linked 
to successful beneficial bacteria colonization. Enriched 
lactic acid bacteria (e.g., Lactobacillus gasseri LA39) and 
bifidobacteria post-transplantation secrete multiple 
bacteriocins, including aureocin A and nisin. Aureocin A 
not only binds to keratin 19 on rumen epithelial cells to 
enhance fluid absorption but also inhibits intracellular 
colonization of enterotoxigenic  Escherichia coli  (ETEC) 
by forming transmembrane pores.155,156 Rumen-specific 
antibiotics (e.g., rumenicin) exhibit highly specific inhib-
itory effects on the spore germination of toxigenic clos-
tridia. In a subacute ruminal acidosis (SARA) model in 
dairy cows, rumenicin-like substance concentrations in-
creased post-RMT, accompanied by reduced C. perfrin-
gens  spore germination rates.157,158 RMT also reduces 
the incidence of hemolytic bacillus-induced rumenitis, 
achieved by upregulating antimicrobial peptides (e.g., 
β-defensin 1, lysozyme) in the rumen mucosa. This pro-
tective effect coincides with decreased relative abun-
dance of Proteobacteria.

Critically, RMT-driven competitive exclusion results from 
a holistic ecological strategy involving the synergistic in-
teraction of receptor site blockade, metabolic environ-
ment regulation, and antimicrobial substance secretion. 
In a beef cattle model of high-concentrate diet-induced 
metabolic disorder, RMT concurrently blocked patho-
gen adhesion via  Ruminococcus  occupation of MUC13 
binding sites, enhanced MUC1 expression via butyrate-
mediated AMPK pathway activation, and directly 
eliminated harmful bacteria via bacteriocins. This triple 
mechanism collectively reduced the expression of the 
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proinflammatory factors IL-1β and IL-6 in the rumen ep-
ithelium, with sustained anti-inflammatory effects last-
ing for an extended period.136

5.3. Immune System Regulation

A growing body of research confirms that rumen micro-
biota transplantation (RMT) in ruminants exerts precise 
immune regulation by reshaping the host’s “rumen-mu-
cosal immune axis, thereby maintaining rumen immune 
homeostasis and tolerance toward symbiotic bacteria. 
The core mechanism involves a dynamic communica-
tion network established between healthy donor rumen 
microbiota (e.g.,  Prevotella,  Ruminococcus) and host 
immune components, including rumen epithelial cells, 
dendritic cells (DCs) in the lamina propria, rumen-spe-
cific γδ T cells, and mucosal macrophages.159,160 Me-
tabolites from donor microbiota, such as short-chain 
fatty acids (SCFAs) and branched-chain fatty acids (BC-
FAs), activate GPR43/109A receptors on epithelial cells, 
thereby regulating the antigen-presenting capacity of 
DCs and preventing excessive immune activation.161-163 
These interactions also promote the maturation of ru-
men mucosal lymphoid follicles by enhancing regulato-
ry T cell (Treg) proliferation to foster immune tolerance, 
driving Th17 cells toward an anti-inflammatory pheno-
type (secreting IL-10 instead of IL-17A), and activating 
rumen-specific secretory IgA (sIgA)-producing B cells 
and follicular helper T cells (Tfh).164,165,163 Consequent-
ly, mucosal antibody-mediated clearance efficiency is 
enhanced. Ultimately, RMT effectively blocks the ad-
hesion and invasion of pathogens such as  Escherichia 
coli O157:H7 and Haemophilus somnus. This immuno-
modulatory action provides a novel strategy for prevent-
ing and controlling chronic rumen inflammation (e.g., 
rumenitis) in ruminants.167-169

5.4. Innate Immunity

Rumen Microbiota Transplantation (RMT) plays a crucial 
role in ruminant health by precisely regulating the host’s 
microbial ecology and immune recognition mechanisms. 
Research indicates that mononuclear phagocytes resid-
ing in the rumen, such as macrophages and dendritic 
cells, can distinguish between commensal microorgan-
isms and potential pathogens, thereby maintaining im-
mune tolerance and homeostasis.170 Upon encounter-
ing rumen symbionts and their metabolites, these cells 
exhibit limited pro-inflammatory factor production, 
demonstrating a state of “immune hyporesponsiveness, 
while remaining capable of mounting effective immune 
responses during pathogen invasion. For instance, un-
der physiological conditions maintaining rumen epithe-
lial integrity, microbial signals promote precursor IL-1β 
synthesis without inducing its maturation into active 
IL-1β. Conversely, specific pathogens like  Escherichia 
coli O157:H7 can activate NLRC4 inflammasomes via the 
type III secretion system, thereby inducing caspase-1-
dependent IL-1β processing and release.171,172

Furthermore, the rumen microbiota enhances muco-
sal immunity by regulating innate lymphoid cells (e.g., 
ILC3) and cytokine networks. Germ-free animal studies 
demonstrate that microbial absence reduces secretion 
of key cytokines like IL-22 and compromises epithelial 
barrier function. In practical applications, RMT increases 

IL-22 levels in ruminant plasma, mitigates inflammation 
and oxidative damage, and simultaneously enhances 
rumen barrier function.173,174 Rumen microbial metab-
olites including volatile fatty acids (e.g., acetate, butyr-
ate), tryptophan metabolites, and secondary bile acids 
have been identified as key signaling molecules regulat-
ing host innate immunity. These metabolites not only 
promote ILC3 proliferation and IL-22 secretion but also 
enhance epithelial barrier integrity and antimicrobial 
peptide expression through pathways such as the aryl 
hydrocarbon receptor (AhR) and farnesoid X receptor 
(FXR).175,176

Notably, bile salt hydrolase (BSH) produced by specific 
rumen bacteria converts primary bile acids into bioac-
tive secondary forms like lithocholic acid (LCA). Reduced 
BSH abundance correlates closely with rumen mucosal 
inflammation and barrier dysfunction. Recent studies 
further reveal that LCA positively correlates with the 
abundance of rumen Lactobacillus species (e.g., Lacto-
bacillus ruminis) and exerts protective effects against 
pathogen infections such as Bovine Viral Diarrhea Virus 
(BVDV).177-181 Its mechanism may involve upregulating 
MHC-I molecule expression through activation of the 
FXR signaling pathway, thereby promoting the recruit-
ment of CD8+ cytotoxic T cells and enhancing antiviral 
immunity. Collectively, these findings demonstrate that 
the rumen microbiota not only directly participates in 
innate immune regulation but also systemically enhanc-
es the host’s defense against infection through its meta-
bolic products. This provides both theoretical basis and 
application prospects for promoting RMT in ruminant 
health management.

5.5. Adaptive Immune Response

RRMT exerts distinct effects on adaptive immunity, pri-
marily through the modulation of T cell responses and 
antibody production. Unlike innate immunity, which 
provides immediate but non-specific defense, adaptive 
immunity involves antigen-specific recognition and im-
munological memory. RMT influences adaptive immune 
responses by shaping the antigenic environment of the 
rumen and modulating the differentiation of naive T cel-
ls into effector subsets.

One key mechanism involves the promotion of regula-
tory T cell (Treg) differentiation. Short-chain fatty acids 
(SCFAs), particularly butyrate produced by transplanted 
microbes, have been shown to enhance the differen-
tiation of naive T cells into Foxp3+ Treg cells through 
histone deacetylase (HDAC) inhibition.164,183 This Treg 
expansion is critical for maintaining immune tolerance 
toward commensal microbes while preventing excessive 
inflammatory responses. In ruminant models, RMT has 
been associated with increased Treg populations in the 
rumen mucosa, correlating with reduced pro-inflamma-
tory cytokine levels.182

Additionally, RMT influences the Th17/Treg balance. 
While Th17 cells are important for mucosal defense 
against extracellular pathogens, their dysregulation can 
contribute to chronic inflammation. Studies indicate 
that RMT can modulate this balance by promoting an 
anti-inflammatory Th17 phenotype that secretes IL-10 
rather than IL-17A.165 This is achieved through microbi-
al metabolite signaling via GPR41/GPR43 receptors on 
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dendritic cells, which in turn influences T cell polariza-
tion.

The humoral arm of adaptive immunity is also affected 
by RMT. Secretory IgA (SIgA) production in the rumen 
mucosa is enhanced following successful RMT, as de-
monstrated by increased IgA levels in rumen contents 
of recipient calves.208 This enhancement is mediated 
by microbial metabolites that activate follicular dendri-
tic cells via the MYD88 signaling pathway, initiating IgA 
class switching in B cells.206 The resulting SIgA response 
provides specific antibody-mediated protection against 
pathogens while maintaining tolerance toward com-
mensals.

Furthermore, RMT has been shown to enhance CD8+ 
cytotoxic T cell responses. Studies demonstrate that 
rumen fluid transplantation from fiber-degrading bacte-
ria-enriched donors increases the proportion of IFN-γ+ 
CD8+ T cells in peripheral blood of Holstein calves.182 
This effect may be mediated by microbial metabolites 
such as LCA, which upregulates MHC-I molecule expres-
sion through FXR signaling, thereby promoting antigen 
presentation and cytotoxic T cell activation.

In summary, while innate immunity provides the first 
line of defense and shapes the initial response to RMT, 
adaptive immunity confers long-term, antigen-specific 
protection. RMT modulates both arms of the immune 
system through distinct but complementary mechanis-
ms, ultimately enhancing the host’s ability to resist pat-
hogens while maintaining tolerance toward beneficial 
commensals.

5.6. Systemic Immune Response

Much of our understanding of systemic immune modu-
lation by microbiota derives from murine and human 
studies. While these provide valuable mechanistic hypo-
theses, their direct translatability to ruminants requires 
explicit acknowledgment of species differences. Rumi-
nants possess a uniquely compartmentalized digestive 
system with specialized immune architecture in the 
rumen, which differs substantially from the monogast-
ric gut. Therefore, the following discussion should be 
interpreted as providing mechanistic hypotheses that 
require direct validation in ruminant models, rather 
than established ruminant physiology.

Recent studies reveal that microbial metabolites produ-
ced post-RMT including bacterial extracellular polysac-
charides and secondary bile acids can enter systemic 
circulation. By activating NOD-like receptor signaling, 
these metabolites promote neutrophil extracellular trap 
(NET) formation, thereby bolstering defenses against 
systemic infections caused by pathogens like  Staphy-
lococcus aureus.191,192,193 Regarding antiviral immunity, 
transplanting rumen fluid enriched with fiber-degrading 
bacteria significantly increases the proportion of IFN-γ+ 
CD8+ T cells in the serum of Holstein calves and pro-
motes IL-12p40 production in monocytes.182,183,194 This 
indicates that RMT can enhance subsequent adaptive 
immune responses by training innate immune cells.

Furthermore, peptidoglycan fragments derived from the 
rumen microbiota enhance the bactericidal capacity of 
peripheral blood neutrophils via the NOD1 receptor sig-
naling pathway, effectively combating systemic infecti-

ons caused by parasites such as Haemophilus somnus.191 
In antiparasitic immunity, recent evidence indicates 
that microbially derived butyrate enhances TLR4 signa-
ling activation in dendritic cells via a GPR41-dependent 
pathway, thereby promoting CD4+ T cell differentiation 
toward a Th1 phenotype, which is crucial for eliminating 
intracellular parasites like Theileria.193,187

Collectively, these findings reveal that RMT not only res-
hapes the local rumen immune environment but also 
exerts systemic immunomodulatory effects through a 
microbe-metabolite-immune cell network. This provi-
des a new theoretical foundation for developing comp-
rehensive disease control strategies in ruminants based 
on precise microbiota regulation.

5.7. Promotion of Th17 Cells

In ruminants, Th17 cells play a critical role in mucosal 
immune defense. Through the secretion of effector mol-
ecules such as IL-17A, IL-17F, and IL-22, they perform key 
functions in maintaining rumen epithelial barrier integ-
rity and resisting pathogen colonization.195-198 However, 
dysregulation of the Th17 response can lead to aber-
rant IL-17 production, triggering excessive inflammation 
that manifests in immunopathological conditions such 
as chronic rumenitis or paratuberculosis.199,200

Recent studies indicate that rumen microbiota trans-
plantation (RMT), particularly when combined with 
specific probiotics (e.g., Clostridium butyricum and Sac-
charomyces cerevisiae), significantly elevates  IL-17  lev-
els in calf plasma. This elevation correlates with Th17 
cell activation and ameliorates rumen epithelial barrier 
dysfunction induced by weaning stress.201 Similarly, in a 
model of persistent viral infection, RMT has been shown 
to promote Th17 cell development and functional mat-
uration.182,199

A finely tuned relationship exists between rumen mi-
crobial ecology and Th17 cell differentiation. Research 
indicates that  Ruminococcus  and  Prevotella, which 
possess mucosal colonization properties, contribute to 
Th17 cell development. This is supported by ruminant 
models where prolonged antibiotic use reduces rumi-
nal Th17 cell numbers. The molecular mechanisms are 
being elucidated; for instance, Prevotella interacts with 
rumen epithelial cells via surface adhesins, enhancing 
serum amyloid A (SAA) expression. This, in turn, 
stimulates CD11c+ dendritic cells to secrete IL-6 and IL-
23, ultimately driving Th17 cell maturation.202,200 Fur-
thermore, certain rumen microbes induce Th17 cells 
exhibiting an anti-inflammatory phenotype co-regulat-
ed by IL-10 and c-MAF, thereby contributing to immune 
homeostasis.

Unlike microbes that rely on direct adhesion, other ru-
men bacteria such as  Succinivibrio  promote Th17 cell 
differentiation via metabolic products. The succinate 
produced by these bacteria activates P2X7 receptors on 
ruminal mononuclear phagocytes (particularly dendritic 
cells), triggering NLRP3 inflammasome activation and 
subsequent IL-1β maturation and secretion. In synergy 
with cytokines like IL-6 and TGF-β, IL-1β promotes the 
differentiation of naïve T cells into the Th17 lineage, 
thereby enhancing mucosal immunity and maintaining 
rumen homeostasis. These findings provide new 
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theoretical insights into how RMT improves ruminant 
health through the regulation of Th17 cell responses.

5.8. Promoting Treg Cells

Rumen microbiota transplantation (RMT) plays a crucial 
role in maintaining rumen immune homeostasis by in-
ducing the proliferation and differentiation of FOXP3+ 
regulatory T (Treg) cells in the rumen mucosa.164,203,204 
The TGF-β cytokine family is particularly important in 
this process, serving as a common regulatory hub for 
the differentiation of immunosuppressive Treg cells and 
potentially pro-inflammatory Th17 cells, thereby finely 
balancing the mucosal immune response.191,164

The mechanistic understanding of Treg cell induction by 
microbial metabolites is primarily derived from murine 
models. While the fundamental biology of Treg cells is 
conserved across mammals, the specific microbial taxa 
and metabolites involved in ruminant Treg regulation 
may differ. Direct validation in ruminant models is need-
ed.

Research indicates that short-chain fatty acids (SCFAs) 
produced by rumen microbial fermentation, particularly 
propionate and butyrate, activate the TGF-β1 signaling 
pathway by regulating the expression of the transcrip-
tion factor SP3 in rumen epithelial cells. This process 
promotes the accumulation and functional maturation 
of Treg cells within the rumen lamina propria.205,192,164 In 
calf models, RMT significantly elevated TGF-β1 expres-
sion in rumen tissues, effectively mitigating the disrup-
tion of the microbial community and mucosal barrier 
damage caused by early antibiotic intervention.

Studies indicate that reduced rumen Treg cell numbers 
trigger abnormal expansion of CD4+ T cells expressing 
symbiotic microbe-specific T cell receptors, ultimately 
exacerbating local rumen inflammation.203,204 The rumen 
microbiota exerts a crucial regulatory effect on Treg cell 
development, as evidenced by the marked reduction in 
rumen mucosal Treg cells observed in germ-free rumi-
nant models.

Although the complete molecular mechanism by which 
microbes promote Treg cell differentiation remains 
to be fully elucidated, existing evidence suggests that 
rumen bacteria such as  Selenomonas  and  Clostridi-
um clusters IV and XIVa may promote the development 
and functional maintenance of IL-10-secreting Treg cells 
by producing metabolites like butyrate. These findings 
provide a theoretical foundation for understanding how 
RMT maintains ruminal immune homeostasis through 
the regulation of Treg cells, supporting the development 
of precision microbiome-based immune intervention 
strategies.

5.9. Enhancing IgA Response

Rumen microbiota transplantation (RMT) significant-
ly enhances the immunoglobulin A (IgA) response in 
the rumen mucosa of ruminants, a process critical for 
maintaining mucosal barrier function and regulating 
host-microbiota homeostasis.206,207,208 Studies indicate 
that transplanting rumen fluid from healthy donors sig-
nificantly elevates IgA levels in the rumen contents of 
recipient calves and confers resistance to enterotoxigen-
ic Escherichia coli (ETEC) infection.208

The molecular mechanisms of IgA class switching and 
secretion have been extensively characterized in mu-
rine and human models. While the core pathways (e.g., 
MYD88 signaling, BAFF/APRIL) are conserved, the spe-
cific microbial inducers and regulatory networks in the 
ruminant rumen may differ. Direct comparative studies 
are needed.

Within the rumen immune system, IgA is primarily syn-
thesized by plasma cells in a polymeric form. It is sub-
sequently transported across the epithelial barrier via 
polymeric immunoglobulin receptors (pIgR) located on 
the basolateral membrane of rumen epithelial cells and 
is ultimately released into the rumen lumen as secretory 
IgA (SIgA).206,209 SIgA molecules specifically coat rumen 
microorganisms, preventing their abnormal colonization 
and invasion of the lamina propria, thereby maintaining 
microbial balance. Germ-free ruminant models show a 
significant reduction in IgA-producing B cells within the 
rumen mucosa, confirming the critical role of the micro-
biota in the development of the IgA system.208,210,211

Multiple pathways underlie the rumen microbio-
ta’s promotion of IgA responses. Metabolites from 
specific rumen bacteria such as  Prevotella  and  Bac-
teroides  including short-chain fatty acids (SCFAs) 
and extracellular polysaccharides, activate follicular 
dendritic cells via the myeloid differentiation factor 88 
(MYD88) signaling pathway, thereby initiating IgA class 
switching.208,209 Concurrently, a distinct subset of den-
dritic cells in the rumen lamina propria enhances reti-
noic acid metabolism upon exposure to bacterial com-
ponents, promoting the differentiation of B cells into 
IgA-secreting plasma cells.

Furthermore, the rumen microbiota synergistically pro-
motes the maturation and differentiation of IgA+ B cells 
by upregulating the expression of tumor necrosis factor 
(TNF), B-cell activating factor (BAFF), and a prolifera-
tion-inducing ligand (APRIL) in rumen dendritic cells. Re-
cent studies reveal that plasma cells exposed to specific 
bacterial antigens can also express inducible nitric oxide 
synthase (iNOS) and TNF, further enhancing local IgA se-
cretion.209 Collectively, these mechanisms form the basis 
for RMT-mediated regulation of rumen mucosal immu-
nity, providing a theoretical foundation for developing 
microbiome-based interventions targeting digestive 
tract diseases in ruminants.

5.10. Integrated Mechanistic Framework: Reconciling 
Competitive Exclusion and Immune Tolerance

The diverse mechanisms through which RMT enhances 
ruminant health and performance are not isolated but 
rather form an integrated network of interactions. A 
critical point is reconciling the seemingly contradictory 
processes of competitive exclusion and immune toler-
ance, which is achieved through a spatiotemporal and 
functional division of labor.

Spatial and Functional Separation, Competitive exclusion 
primarily targets pathogenic bacteria through niche oc-
cupation, resource competition, and direct antagonism 
(e.g., bacteriocin production). This process occurs in the 
lumen and on the epithelial surface. Simultaneously, im-
mune tolerance is established for the beneficial trans-
planted commensals. This tolerance is mediated by the 
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host’s ability to distinguish pathogens from commensals 
via pattern recognition receptors (PRRs). Commensal 
microbes, particularly those producing short-chain fatty 
acids (SCFAs) such as butyrate, activate regulatory path-
ways (e.g., GPR43/109A on epithelial cells) that promote 
an anti-inflammatory environment, thereby preventing 
an immune response against themselves.

Sequential Activation, The process is not simultaneous 
but sequential. First, transplanted microbes must over-
come initial colonization resistance and establish them-
selves. During this early phase, they may trigger a mild, 
controlled innate immune response that helps shape 
the local environment. Once established, the successful 
colonizers produce metabolites (e.g., SCFAs) that active-
ly promote immune tolerance (e.g., via regulatory T cell 
differentiation), creating a feedback loop that stabilizes 
their own presence while continuing to exclude patho-
gens through the mechanisms described in Section 4.2. 
Thus, competitive exclusion and immune tolerance are 
not opposing forces but complementary phases of a dy-
namic ecological and immunological process.

Caveat regarding the source of bioactive metabolites in 
RMT, The manuscript notes that microbial metabolites 
(e.g., short-chain fatty acids) transferred during trans-
plantation may contribute to therapeutic effects. Howev-
er, it is critical to distinguish between metabolites pres-
ent in the inoculum itself and those produced de novo by 
successfully colonized microbes post-transplantation. 
Exogenous SCFAs, if present in the transplanted fluid, 
are rapidly fermented, absorbed, or diluted in the 
rumen environment, with a half-life of minutes to hours. 
Therefore, the durable therapeutic benefits observed 
days to weeks after RMT are likely attributable to the 
metabolic activity of engrafted microbes rather than 
the passive transfer of metabolites. This distinction 
has important implications for the development of 
cell-free versus live microbial products. Future studies 
should employ isotopic labeling or metabolite depletion 
experiments to dissect the relative contributions of 
transferred versus de novo synthesized metabolites.

6. Evaluation of RMT Application Outcomes

In recent years, rumen microbiota transplantation 
(RMT) in ruminants has garnered increasing attention 
for its potential to enhance animal health, nutrition, 
and production efficiency. Current RMT applications pri-
marily focus on improving animal health and welfare by 
regulating digestive and metabolic disorders, enhancing 
roughage utilization, and strengthening immune functi-
on. As the livestock industry faces persistent challenges 
such as high infectious disease incidence, antimicrobial 
resistance, and the need for sustainable practices, RMT 
emerges as a promising alternative or complementary 
approach to conventional interventions (Figure 4). Mul-
tiple studies in ruminants have demonstrated that RMT 
exerts diverse effects on rumen microbial composition, 
metabolite profiles, immune responses, growth perfor-
mance, and fermentation function (Table 2).

Although precise half-life estimates for RMT effects are 
lacking due to heterogeneous study designs, available 
evidence suggests that in adult ruminants, shifts in mic-
robial composition and production parameters typically 
return to baseline within 7-14 days post-transplantati-
on.123,125 In contrast, interventions performed during the 
first 2-4 weeks of life can induce changes that persist 
through weaning and beyond,111,129 indicating that ear-
ly-life RMT may establish more durable microbial prog-
ramming.

6.1. Critical Window for RMT Engraftment and 
Colonization Dynamics

The success of RMT depends critically on the timing of 
intervention relative to the developmental stage of the 
recipient’s rumen ecosystem. The rumen microbiota of 
neonatal ruminants undergoes a well-characterized suc-
cession pattern (Section 1.3), with the transition from 
milk-based to solid feed representing a period of parti-
cularly low colonization resistance. This period, typically 
the first 2-4 weeks of life in lambs and calves, is conside-
red the “critical window” for RMT engraftment.27,122 Du-

Figure 4: Schematic diagram of the preparation and delivery of rumen microbiota transplantation (RMT) inoculants and their effe-
cts on the host and intestine, demonstrating the preparation of inoculants from donor rumen contents, delivery to recipients, and 
the out-comes of transplantation on the host’s intestinal microbiota diversity and intestinal immunity.
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Table 2: Representative Application Research Cases of Rum
en M

icrobiota Transplantation (RM
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echanism

s
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gavage for three consecutive days
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ing RM
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ice exhibited increased colonization of fiber-de-

grading bacteria (such as rum
en cocci) in their intestines and gained 

w
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 by w
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en m
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m
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 insights into understanding the pathogenesis and intervention 
strategies for SARA
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en 
developm
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ryx sheep →
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-
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b
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bs w
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in-
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H₃-N
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atter and acid-soluble fiber, enhances daily w

eight 
gain, and accelerates rum
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Im
prove rum
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N
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in-
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e production 
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eaning, stim
ulate cecum
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ent, and 

alleviate w
eaning stress
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Enhance produc-
tion perform
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-pro-

ducing Holstein cow
s →
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-pro-

ducing Holstein cow
s
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 of rum
en contents and all digestive 

fluids through the fistula, then perform
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exchange of 95%
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en contents

All low
-producing dairy cow
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-
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ithin 7 days after sw
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levels after 10 days. Rum

en pH and volatile fatt
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ithin 1 day

123

Preventing Plant 
Poisoning
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le w

ith rum
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born dairy calves not ad-
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icrobiota
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ring this window, the rumen microbial community is still 
assembling, ecological niches are not fully occupied, and 
the host immune system is developing tolerance toward 
commensals. This creates a permissive environment for 
exogenous microbes to establish stable populations.

The time required for successful RMT to establish stab-
le colonization likely varies with recipient age and the 
degree of engraftment. In neonatal animals receiving 
repeated doses over 7-21 days, shifts in microbial com-
position can be detected within days, but stabilization 
of the new community may require 2-4 weeks.111,129 In 
adult animals with established microbiota, colonization 
resistance is substantially higher, and even high-volu-
me rumen content exchange (e.g., 95% replacement) 
results in only transient shifts lasting 7-14 days.123 This 
suggests that the resident microbiota actively excludes 
newcomers through niche occupation and metabolic 
competition, and that engraftment must occur before 
this exclusion barrier becomes fully established. The 
concept of a “critical window” for RMT is supported by 
studies showing that early-life intervention produces 
more durable effects than adult intervention, and that 
therapeutic applications in dysbiotic animals (where co-
lonization resistance is reduced) show greater efficacy 
than preventive applications in healthy animals. Future 
research should employ longitudinal sampling with high 
temporal resolution (e.g., daily sampling during the first 
week, weekly thereafter) to characterize the kinetics of 
engraftment and identify the optimal timing and durati-
on of RMT protocols.

6.2. Alterations in Rumen Microbiome Composition

Rumen microbiota transplantation (RMT) significant-
ly reshapes the rumen microbial community structure 
in ruminants, inducing both structural and functional 
shifts. Concerning β-diversity, multiple studies indicate 
that the rumen microbiota undergoes significant alte-
rations post-RMT, suggesting successful colonization of 
donor microbes and reconstruction of the recipient’s 
microbial ecology. For instance, a study on weaned 
Chinese Holstein calves demonstrated that fecal mic-
robiota transplantation from yaks significantly altered 
the rumen microbial network and enhanced functional 
pathways related to carbohydrate metabolism, indica-
ting that RMT can accelerate the functional maturati-
on of the rumen microbiome. However, other studies 
have reported that despite observable changes in the 
abundance of specific microbial taxa, β-diversity did not 
differ significantly, suggesting a degree of stability or re-
silience in the overall community structure.123,125,213 Furt-
hermore, the omission of β-diversity analysis in some 
studies limits comprehensive cross-study comparisons.

The effects of RMT on α-diversity are heterogeneous. 
Several studies report significant increases in rumen 
microbial richness (Chao1 index) and diversity (Shannon 
index) post-RMT, suggesting that transplantation pro-
motes the formation of more complex and resilient mic-
robial ecosystems. Notably, this enhancement may be 
influenced by donor origin and pretreatment strategies. 
For example, pre-treating recipients with antibiotics to 
create ecological niches can establish favorable conditi-
ons for donor microbial colonization, thereby increasing 
α-diversity more effectively. However, not all studies ob-

served increased diversity; some experiments showed 
no significant change in α-diversity after RMT, which may 
be related to donor-recipient matching, transplantation 
route, dosage, and the host’s physiological state.11,212,213

The enrichment of beneficial microbiota is a core effe-
ct of RMT. Studies indicate that post-RMT, the relative 
abundance of key cellulolytic bacteria (e.g.,  Fibrobac-
ter) and short-chain fatty acid (SCFA)-producing bacte-
ria (e.g., Prevotella, Ruminococcus) in the rumen often 
increases significantly. These microbes are crucial for 
degrading plant fiber and producing volatile fatty acids 
(e.g., acetate, propionate), directly impacting the ener-
gy acquisition efficiency and feed conversion rates of 
ruminants.159,214 Concurrently, RMT may suppress po-
tentially pathogenic bacteria or microbes associated 
with adverse fermentation (e.g., certain methanogenic 
archaea). For instance, transplanting microbiota from a 
highly efficient donor can optimize the rumen fermen-
tation pattern, reduce methane emissions, and increase 
the propionate ratio, thereby improving energy utilizati-
on efficiency.11

As an effective strategy for modulating the rumen micro-
biota, RMT demonstrates scientific validity and practical 
value by enabling the targeted reshaping of microbial 
composition, optimizing rumen fermentation function, 
and ultimately enhancing ruminant production perfor-
mance and health. However, ensuring the stability and 
safety of these effects requires rigorous donor selection 
and individualized protocol design.

6.3. Rewiring of Rumen Metabolism

Rumen microbiota transplantation (RMT) frequently in-
duces significant alterations in rumen metabolism, par-
ticularly in the production and composition of volatile 
fatty acids (VFAs), which are crucial for maintaining ru-
men health and host energy metabolism. Acetate, pro-
pionate, and butyrate serve as primary energy sources 
for ruminants, contributing not only to energy supply 
but also to the regulation of ruminal inflammation and 
overall metabolic homeostasis.138,215,216,217 Multiple RMT 
studies consistently report significant adjustments in to-
tal VFA concentration and molar proportions in ruminal 
fluid post-transplantation. Notably, elevated butyrate 
levels are a particularly consistent finding across several 
investigations. A recent RMT study in a subacute rumi-
nal acidosis (SARA) sheep model revealed significantly 
elevated ruminal butyrate levels in the transplant group, 
accompanied by enhanced hepatic gluconeogenesis 
and reduced subclinical inflammation markers. Simi-
larly, several experiments demonstrate that post-RMT 
butyrate elevation correlates closely with improved ru-
minal epithelial barrier function through mechanisms 
such as enhanced expression of tight junction proteins 
(e.g., occludin and ZO-1) and stimulated mucus secreti-
on. Emerging mechanistic evidence indicates that but-
yrate, acting as a histone deacetylase (HDAC) inhibitor, 
modulates the NF-κB signaling pathway and enhances 
expression of the solute carrier protein SLC5A8, thereby 
strengthening rumen epithelial integrity. Furthermore, 
butyrate has been demonstrated to activate hypoxia-in-
ducible factor (HIF), promoting metabolic adaptation 
and barrier maintenance in epithelial cells under the 
rumen’s hypoxic microenvironment. Notably, studies in-
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dicate that RMT-induced elevations in butyrate promote 
antimicrobial peptide expression, helping to alleviate 
rumen dysbiosis and reduce oxidative stress.138,215,217

Beyond butyrate, RMT significantly impacts propionate 
and acetate metabolic pathways. Multiple studies have 
documented post-transplantation increases in propio-
nate and acetate concentrations, which contribute to 
glucose precursor supply and milk fat synthesis, respe-
ctively, while also supporting immune homeostasis. In 
addition to VFAs, RMT enriches the rumen with other 
bioactive metabolites, including the tryptophan-deri-
ved metabolites indoleacetic acid and indolepropionic 
acid, both of which exhibit anti-inflammatory and mu-
cosal protective potential. Furthermore, administration 
of RMT following antibiotic-induced dysbiosis has been 
shown to restore the balance of lipid and amino acid 
metabolism, manifested as elevated levels of α-linolenic 
acid and linoleic acid. These metabolic changes correla-
te closely with improved weight gain, enhanced rumen 
epithelial integrity, and reduced pro-inflammatory cy-
tokine levels. Similarly, RMT increases the abundance 
of 5-hydroxyindoleacetic acid (5-HIAA) in the rumen. 
This metabolite, produced by certain rumen microbes 
(e.g., Bifidobacterium-related populations) via tryptop-
han metabolism, has been demonstrated in vitro to 
mitigate LPS-induced tight junction damage and the re-
lease of proinflammatory factors.113 These findings furt-
her support the concept that transplanting microbial 
communities with specific metabolic functions is crucial 
for achieving successful RMT and reshaping the host’s 
metabolic profile.

6.4. Activation of Rumen Immunomodulatory Functions

Humoral and cellular immunity. One core mechanism in-
volves altering the expression profiles of cytokines and 
chemokines, thereby precisely modulating inflamma-
tory and immune response processes. Across studies, 
ruminant RMT consistently elevates levels of anti-inf-
lammatory cytokines (e.g., IL-10 and TGF-β1) while re-
ducing expression of pro-inflammatory mediators (e.g., 
IL-6, IL-1β, TNF-α, and IFN-γ).218,244,219 This shift indicates 
that RMT helps establish a more controlled immune ho-
meostasis in both rumen and systemic environments, 
effectively curbing excessive inflammation and stren-
gthening mucosal barrier function. Following RMT, key 
anti-inflammatory factors IL-10 and TGF-β1 crucial for 
maintaining immune tolerance and suppressing intes-
tinal inflammation significantly increased. Concurrent 
decreases in TNF-α, IL-1β, and IFN-γ levels confirm 
RMT’s active role in inhibiting pro-inflammatory signa-
ling pathways. This cytokine balance is vital for preven-
ting chronic inflammation in the rumen and intestines, 
as well as promoting recovery after microbial dysbiosis 
or tissue damage.

The enhancing effect of RMT on mucosal immunity has 
also been confirmed in multiple studies. Transplanting 
rumen microbiota from locally adapted goats to lambs 
resulted in significantly elevated concentrations of anti-
microbial peptides, IgG, and IgM in the jejunal and ileal 
mucosa, indicating enhanced mucosal immune capacity 
and more effective defense against pathogen invasi-
on.185 Similarly, early fecal microbiota transplantation 
elevated intestinal IgG, IgM, and antimicrobial peptide 

levels in pigs, improving intestinal barrier function.220 
Moreover, rumen microbiota regulation is closely linked 
to IgA responses. As a core antibody in mucosal immu-
nity, IgA helps maintain intestinal barrier integrity and 
defend against microbial invasion. These findings re-
veal the immense potential of utilizing locally adapted 
microorganisms, co-evolved with the host, for RMT to 
“train” the immune system and enhance its resilience 
against pathogens.206,207,221

RMT not only enhances humoral immunity but also gui-
des the immune response from B-cell-dominant humo-
ral immunity toward T-cell-mediated cellular immunity. 
Recent studies indicate that by day 21 post-transplan-
tation, Toll-like receptor signaling pathway-associated 
chemokines (e.g., CCL5, CXCL9, CXCL11) are significant-
ly upregulated, promoting a transition toward a more 
adaptive immune response.222 This dynamic immune 
system remodeling demonstrates the potential of RMT 
in achieving long-term immune regulation.

6.5. Improvements in Growth and Production 
Performance

The effects of rumen microbiota transplantation on 
growth performance and feed utilization in ruminants 
have yielded diverse research outcomes, with some 
studies reporting significant improvements while ot-
hers found limited impacts on key growth indicators. 
Multiple studies indicate that RMT effectively enhan-
ces growth performance during critical developmental 
stages in ruminants. In one study involving lambs, re-
cipients receiving rumen microbiota from high-perfor-
mance donors exhibited significantly increased average 
daily gain post-weaning, demonstrating the substantial 
influence of donor microbial community characteristics 
on recipient growth trajectories.223,159,160,224 However, ot-
her studies indicate that RMT may have limited effects 
on primary growth indicators or even lead to reduced 
growth performance. For example, after transplanting 
rumen fluid from certain donor sources, lambs exhibi-
ted decreased daily weight gain and feed digestibility, 
suggesting that donor selection and timing of transplan-
tation critically influence outcomes.225,226 Furthermore, 
individual variability and host genetic background also 
affect microbial colonization and growth responses fol-
lowing RMT.

Similarly, studies on Holstein calves also revealed sig-
nificant benefits of rumen microbiota transplantation 
(RMT) for growth and health. Calves in the RMT group 
exhibited improved average daily gain (ADG) compared 
to the control group, alongside a substantial reduction 
in diarrhea incidence. These improvements were closely 
associated with elevated butyrate concentrations in ru-
men fluid and optimized volatile fatty acid (VFA) profiles. 
As a key short-chain fatty acid, butyrate enhances intes-
tinal barrier function, suppresses inflammation, reduces 
diarrhea risk, and provides energy for rumen epithelial 
development. This aligns strongly with RMT’s role in pro-
moting colonization of beneficial acid-producing bacte-
ria, enriching fiber-degrading and acid-producing bacte-
ria, and regulating the VFA metabolic profile.227,228,229,230

However, some studies indicate that while RMT impro-
ves rumen microbial diversity and gut health indicators, 
it does not significantly enhance ADG or final body we-
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ight. This suggests that RMT’s direct impact on growth 
performance is modulated by multiple factors including 
dietary composition, genetic background, and environ-
mental management.5,231 Recent studies report that 
while RMT significantly increases rumen microbial rich-
ness and reduces subclinical acidosis incidence, these 
changes do not directly translate into significant impro-
vements in growth metrics.57

Notably, multiple studies consistently confirm that RMT 
reduces the incidence of digestive disorders.232 This in-
dicates that even without immediate growth improve-
ments, RMT lays the foundation for long-term producti-
on benefits by enhancing rumen health and resilience. 
The reduction in digestive disorder incidence is closely 
associated with improved rumen homeostasis, which 
may require extended observation periods to reveal 
pronounced growth advantages.212,232

Systematic analysis of divergent outcomes, The cont-
rasting results in growth performance studies can be 
largely explained by methodological differences that 
systematically distinguish successful from unsuccessful 
interventions. We have categorized studies according to 
key methodological parameters (Table 3).

The contrasting results in growth performance studies 
summarized above can be largely explained by metho-
dological differences that systematically distinguish suc-
cessful from unsuccessful interventions, as organized in 
Table 3. However, due to the substantial heterogeneity 
in study designs (e.g., donor source, dosage, administra-
tion route, recipient age, outcome metrics) and the ab-
sence of standardized reporting, a formal meta-analysis 
or meta-regression was not feasible. Our qualitative sy-
nthesis suggests that consistent positive outcomes are 
associated with early-life intervention (first 2-4 weeks 
of life), repeated dosing over extended periods, and do-
nor-recipient compatibility (e.g., same production sys-
tem). In contrast, studies reporting minimal or negative 
effects often involved adult recipients, single-dose pro-
tocols, or cross-system/cross-species transplants wit-
hout evidence of engraftment. The absence of universal 
efficacy across all studies does not invalidate RMT as 
an approach but rather highlights the need for eviden-
ce-based protocol optimization that accounts for bio-
logical context. Future standardized trials with adequate 
sample sizes, extended follow-up, and rigorous repor-
ting of donor characteristics (e.g., metagenomic profi-
les, viability data) are required to quantitatively assess 
effect sizes and identify sources of heterogeneity.

6.6. Enhanced Rumen Health and Barrier Function

Microbiome transplantation significantly improves ru-
men health and mucosal barrier integrity in ruminants, 
manifested by increased numbers of rumen epithelial 
goblet cells, upregulation of tight junction protein exp-
ression, and enhanced mucus layer thickness. Current 
research indicates that rumen microbiota transplantati-
on (RMT) can modulate rumen microbial communities, 
enhance fermentation efficiency, and strengthen gastro-
intestinal structural integrity in ruminants. However, di-
rect evidence for increased rumen goblet cell numbers, 
tight junction protein expression, and rumen mucus 
layer thickness remains limited in existing English-lan-
guage literature. Studies demonstrate that RMT resto-
res rumen bacterial homeostasis and fermentation pa-
rameters in subacute ruminal acidosis cows, indicating 
improved barrier function and reduced inflammation.125 
RMT has also been reported to enhance intestinal struc-
tural integrity in recipient animals, evidenced by impro-
ved small intestinal villus height and villus-to-crypt ratio 
in mice transplanted with rumen microbiota, suggesting 
enhanced mucosal defense and repair capacity.58 Furt-
hermore, RMT modifies the abundance of beneficial fi-
ber-degrading bacteria, promotes butyrate production, 
and may protect epithelial barriers, as demonstrated 
in interspecies transplantation models.159,58 In challen-
ge models such as dietary transition or acidosis, RMT 
correlates with rapid recovery of microbial diversity 
and fermentation profiles, potentially contributing to 
reduced inflammation and improved mucosal health.6 
However, while these studies support RMT’s protecti-
ve and restorative effects on intestinal barrier function 
and inflammation, specific findings regarding goblet cell 
numbers, tight junction protein upregulation, and mu-
cus layer thickness in rumen epithelium of ruminants 
require direct confirmation through English-language 
studies indexed in PubMed.

7. Safety Considerations for RMT

While actively advancing the application of rumen mic-
robiota transplantation (RMT), its potential risks cannot 
be overlooked. Studies indicate that RMT may cause sig-
nificant alterations in the gut microbiota composition of 
recipient animals, potentially affecting immune functi-
on, digestive capacity, and growth performance. It may 
even lead to compromised gastrointestinal integrity 
and abnormal immune responses. Therefore, a rigorous 
safety quality control system must be established, inc-
luding donor health screening and pathogen testing of 
grafts.11,225,233 Donor health serves as the primary safety 

Table 3: Key methodological determinants of growth performance outcomes in RMT studies

Parameter Studies reporting positive effects Studies reporting minimal/negative 
effects

Recipient age at intervention Early-life (first 2-4 weeks) Adult animals

Administration frequency Multiple doses over extended 
periods Single dose

Donor-recipient compatibility Same production system Cross-system or cross-species
Sample size Adequate (n>10 per group) Small (n<10 per group)

Follow-up duration Extended (>4 weeks) Short (<2 weeks)
Note: RMT: rumen microbiota transplantation.
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barrier. Ideal donors should undergo rigorous health 
screening to ensure freedom from specific pathogen 
infections and demonstrate good mental and nutritio-
nal status. Additionally, harmless processing and quality 
control of the transplant material are critical. It is recom-
mended to minimize the time required for transplanting 
fresh rumen fluid (e.g., completing the procedure within 
30 minutes) to reduce the risk of microbial death and 
contamination by extraneous bacteria.

In practice, preliminary assessment can be conducted 
by evaluating the physicochemical properties of rumen 
fluid (e.g., odor, color, viscosity, and pH). Abnormal 
odors or pH values significantly deviating from normal 
ranges often indicate impaired rumen function. These 
measures help mitigate the risk of pathogen transmis-
sion and health compromise in recipient animals during 
RMT, ensuring the procedure’s safety and efficacy.

8. Application of Cross-Species Models in RMT Research

As a vital experimental platform for studying host-mi-
crobiome interactions, mouse models provide a unique 
research window for elucidating the mechanisms un-
derlying rumen microbiota transplantation. Although 
ruminants are ideal models for studying rumen function, 
mouse models accelerate the optimization of RMT pro-
tocols, validate key scientific discoveries, and establish 
predictable microbial-host interaction models. These 
capabilities facilitate the efficient translation of RMT re-
search findings into ruminant farming practices.118,58 The 
successful implementation of cross-species microbiota 
transplantation relies on the stable colonization and 
functional expression of specific microbial strains, fully 
demonstrating the critical role of microbial communities 
in influencing disease states, metabolic functions, and 
physiological characteristics across different species.27

Research indicates that cross-species rumen microbiota 
transplantation can transfer metabolic characteristics 
through the stable colonization of specific microbial 
strains. For instance, transplanting rumen microbiota 
from healthy ruminants (such as sheep or dairy cows) 
into mice resulted in donor-associated alterations in the 
recipient mice’s gut microbial composition and meta-
bolic profiles. These changes manifested as enhanced 
intestinal structural integrity, improved energy metabo-
lism, and increased tolerance to harmful substances like 
gossypol.118 Furthermore, studies have revealed that 
rumen microbiota transplantation modulates the met-
abolic state and health phenotype of recipient animals 
by influencing interactions between specific microbial 
markers and metabolites.27 These findings demonstrate 
that RMT not only enables cross-species transfer of mi-
crobial communities and their functional characteristics 
but also provides a theoretical basis for improving rumi-
nant health management and production performance.

Cross-species rumen microbiota transplantation (RMT) 
can transfer the metabolic characteristics of donor rumi-
nants to recipient mice, a phenomenon confirmed in mul-
tiple studies. For instance, transplanting rumen microbi-
ota from highly efficient feed-converting ruminants (e.g., 
sheep) into mice resulted in more stable energy metab-
olism during challenges with harmful diets (e.g., gossy-
pol-containing or high-fat diets). Recipient mice exhibited 
improved glucose homeostasis, optimized hepatic lipid 

metabolism, and enhanced intestinal structure and func-
tion.58 Conversely, transplanting rumen microbiota from 
ruminants in metabolic disorder or disease states (such 
as subacute ruminal acidosis, SARA) induced metabolic 
disorder phenotypes in mice, including weight gain and 
exacerbated hepatic lipid deposition.234,170 These studies 
not only validate the feasibility of cross-species pheno-
typic transfer but also reveal changes in specific microbial 
markers (e.g., lactic acid-utilizing bacteria, fiber-degrad-
ing bacteria) and metabolic indicators (e.g., short-chain 
fatty acids, branched-chain amino acids) associated with 
this process, providing potential targets for enhancing 
ruminant production performance through microbial in-
tervention.235,236 Furthermore, post-transplantation recip-
ient mice exhibited donor-associated remodeling of both 
gut microbiota structure and metabolic profiles, further 
supporting the role of RMT in regulating host metabolic 
health.

Cross-species RMT significantly alters the gut micro-
biota composition of recipient mice. Studies indicate 
that post-transplantation, the relative abundance of 
fiber-degrading bacterial genera (such as Ruminococca-
ceae and Lachnospiraceae) and lactic acid-utilizing bac-
teria (such as Lactobacillus species) markedly increases 
in the gut, while certain potentially pathogenic bacterial 
genera decrease.92,238 Furthermore, interspecies trans-
plantation experiments (e.g., human-to-mouse) have 
demonstrated that although overall bacterial abun-
dance may not change, significant and long-lasting re-
shaping of microbial community structure occurs.239

At the metabolic level, RMT induces substantial meta-
bolic remodeling in recipient mice. Mice receiving ru-
men microbiota from highly efficient, healthy donors 
exhibit elevated levels of short-chain fatty acids (SCFAs) 
like propionate and butyrate in their intestines, close-
ly associated with enhanced intestinal barrier function 
and improved energy metabolism.236 Conversely, mi-
crobiota from dysfunctional donors induced abnormal 
short-chain fatty acid profiles in recipient mice, accom-
panied by impaired barrier function phenotypes such 
as increased intestinal permeability. These findings 
demonstrate that interspecies RMT not only reshapes 
gut microbial structure but also profoundly influences 
recipient metabolic status and intestinal health.

Modulation of inflammatory responses serves as a crit-
ical indicator for evaluating the effects of interspecies 
RMT. Studies reveal that transplanting microbiota from 
donors with inflammatory diseases (such as rumenitis 
or systemic lupus erythematosus) induces systemic in-
flammatory responses in recipient mice, characterized 
by elevated levels of pro-inflammatory cytokines includ-
ing IL-1β, IL-6, and TNF-α.240,241,242 Conversely, RMT from 
healthy donors helps maintain intestinal barrier ho-
meostasis, balances cytokine levels, and promotes an-
ti-inflammatory cytokine expression.243,244 Furthermore, 
specific microbial metabolites such as the tryptophan 
metabolite 3-indoleacetic acid have been demonstrated 
to alleviate inflammation by activating the aryl hydro-
carbon receptor (AHR) signaling pathway, thereby inhib-
iting Th17 cell differentiation and IL-17 signaling.

These findings indicate that cross-species RMT effective-
ly transfers microbial communities and their functional 
characteristics, systematically influencing the metabolic 
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health, immune status, and growth performance of re-
cipient animals. Utilizing mouse models as research plat-
forms has significantly advanced the understanding of 
host-microbiota interaction mechanisms. This facilitates 
the identification of specific microbes and their metabolic 
pathways closely linked to ruminant health and produc-
tion efficiency, providing a theoretical foundation for de-
veloping precise and efficient RMT strategies.

8.1. Critical Evaluation of Cross-Species RMT and Its 
Extrapolation to Ruminants

To overcome the limitations of traditional whole rumen 
fluid transplantation, several cutting-edge methodologi-
cal frameworks are emerging (Table 4).

Cross-species rumen microbiota transplantation (RMT) 
can transfer the metabolic characteristics of donor ru-
minants to recipient mice, a phenomenon confirmed in 
multiple studies. For instance, transplanting rumen mic-
robiota from highly efficient feed-converting ruminants 
(e.g., sheep) into mice resulted in more stable energy 
metabolism during challenges with harmful diets (e.g., 

gossypol-containing or high-fat diets). However, it is 
crucial to explicitly acknowledge the limitations of this 
model. Mice have fundamentally different gut physio-
logy, including a simple stomach, shorter transit times, a 
neutral colonic pH, and a distinct immune system com-
pared to the complex, multi-compartmentalized rumen 
with its acidic pH and specialized immune architecture. 
The successful colonization in mice often relies on a na-
ive or depleted microbiota, a condition that does not 
mirror the robust, established microbial community in 
an adult ruminant. Therefore, the mechanisms enabling 
colonization success in mice may not directly apply to 
ruminant-to-ruminant RMT.

For example, some studies have reported reductions in 
pathogenic colonization following RMT in ruminants, 
although the specific quantitative effects vary across 
studies and require further validation. The mechanisms 
in calves likely involve a combination of direct competiti-
on (e.g., certain rumen bacteria occupying binding sites 
on mucins) and metabolic modulation (e.g., SCFA-medi-
ated pH stabilization), which are specific to the rumen 
ecosystem. In contrast, mouse models of C. perfringens 

Table 4: Emerging Methodological Frameworks for Next-Generation Rumen Microbiota Transplantation (RMT)

Methodological 
Framework Core Principle Key Technologies/Approaches Primary Advantage 

Over Current RMT
Current Challenges & Fu-
ture Research Priorities

Defined Synthetic 
Microbial Con-

sortia

Moving from 
undefined 

rumen fluid to 
rationally desig-
ned communi-
ties of keystone 

species.

Culturomics for targeted 
isolation. 

- Genome-scale metabolic 
modeling to predict microbial 

interactions. 
- Chemostat cultivation for 

community assembly.

Pathogen-free and stan-
dardized inoculum. 

- Enables precise 
hypothesis testing of 
microbial functions. 
- Reduces batch-to-

batch variability.

- Replicating functional 
redundancy of the native 

rumen. 
- Overcoming colonization 
resistance from the resi-

dent microbiota. 
- Designing consortia for 

stable engraftment.

Microfluidics & 
Single-Cell Tech-

nologies

High-through-
put screening 
of donor mi-

crobiota based 
on functional 
traits rather 

than taxonomy.

- Drop-based microfluidics with 
fluorogenic substrates. 

- Fluorescence-Activated Cell 
Sorting (FACS) . 

- Single-cell genomics of sorted 
hyper-efficient strains.

- Enables isolation of 
“super-donor” strains 
with specific activities 
(e.g., high cellulase). 
- Provides functional 

quality control for do-
nor selection.

- Integration with 
high-throughput anaero-
bic culturomics to recover 

viable strains. 
- High initial equipment 

cost. 
- Need for validated 

functional assays (e.g., for 
methanogenesis inhibi-

tion).

Cryopreservation 
& ‘Rumen Bio-

banks’

Creating a 
well-characteri-
zed, stable, and 
accessible repo-
sitory of viable 
RMT inocula.

- Controlled-rate freezing and 
novel cryoprotectants (e.g., 

trehalose). 
- Lyophilization with viability 

protectants. 
- Live/dead flow cytometry for 

quality control. 
- Centralized databases with 

donor metadata (e.g., metage-
nomics, diet).

- Enables on-demand, 
reproducible RMT 

across time and loca-
tions. 

- Allows for rigorous 
pre-screening and 

pathogen testing of all 
batches. 

- Facilitates large-scale 
commercial application.

- Defining acceptable 
thresholds for post-thaw 
viability and functional 

potency. 
- Long-term stability 

studies. 
- Establishing international 

consensus on biobank-
ing standards and data 

sharing.

Methodological 
Framework Core Principle Key Technologies/Approaches Primary Advantage Over 

Current RMT
Current Challenges & Fu-
ture Research Priorities

Note: CFU:colonyforming unit; FACS:fluorescenceactivated cell sorting; RMT:rumen microbiota transplantation; VFA:volatile fatty 
acid.
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inhibition might rely on different mechanisms, such as 
immune cell recruitment in the colon. While the general 
principle of competitive exclusion is conserved, the spe-
cific bacterial taxa and molecular pathways responsible 
are likely species- and organ-specific. Thus, mouse mo-
dels are valuable for generating mechanistic hypotheses 
but cannot replace direct validation in ruminants. The 
cross-species work is presented as a tool for mechanistic 
discovery, not as direct proof of efficacy in ruminants.

8.1.1. Defined Synthetic Microbial Consortia

Moving beyond undefined rumen fluid, recent advances 
in culturomics and genome-scale metabolic modeling 
enable the construction of synthetic communities. By 
isolating keystone species (e.g., fiber-degrading  Fibro-
bacter succinogenes, lactate-utilizing  Megasphaera el-
sdenii, and hydrogenotrophic Acetitomaculum ruminis) 
and co-culturing them under controlled chemostat con-
ditions, researchers can create a functionally redundant, 
pathogen-free inoculum with a predetermined CFU 
composition. This approach, still in its infancy for RMT, 
allows for precise hypothesis testing regarding microbial 
interactions and host effects, representing a significant 
methodological advance over undefined transplants.

Current challenges: Despite its promise, this approach 
faces significant hurdles. The complexity of the rumen 
ecosystem, with its high levels of functional redundancy 
and cross-feeding, makes it difficult to replicate ecosys-
tem-level functions with a limited number of isolates. 
Furthermore, the colonization resistance from the nati-
ve microbiota often prevents the engraftment of synthe-
tic consortia. Future research must focus on developing 
robust ecological frameworks to design consortia that 
can fill empty niches or outcompete resident microbes, 
potentially by incorporating keystone species that facili-
tate the establishment of others.

8.1.2. Microfluidics and Single-Cell Technologies for 
Donor Screening

Traditional donor screening relies on bulk sequencing, 
which obscures the functional potential of individual 
cells. The application of drop-based microfluidics com-
bined with FACS (fluorescence-activated cell sorting) al-
lows for the high-throughput screening of thousands of 
rumen microbial cells per second based on specific en-
zymatic activities (e.g., cellulase activity). This enables 
the targeted isolation of hyper-efficient strains from do-
nor rumen fluid, which can then be enriched in the final 
transplant product.

Methodological integration:  While powerful for 
screening, these single-cell technologies must be 
integrated with downstream culturomics to recover 
the viable, hyper-efficient strains identified. The 
development of high-throughput anaerobic culturing 
platforms that can isolate and expand the thousands 
of cells sorted by FACS is a critical methodological 
bottleneck that needs to be addressed to fully realize 
the potential of function-based donor screening.

8.1.3. Cryopreservation and Lyophilization Techniques 
for Rumen Biobanks

A major methodological bottleneck is the short shelf-life 

of fresh rumen fluid. Recent studies are refining cryo-
preservation protocols using controlled-rate freezers 
and novel cryoprotectants (e.g., trehalose, skim milk) 
to maintain microbial viability post-thaw. The establish-
ment of ‘rumen biobanks’ containing well-character-
ized, viability-tested, and pathogen-screened inocula 
from high-performing donors would be a paradigm shift, 
allowing for reproducible, on-demand RMT across geo-
graphic locations.

Standardization and quality control: The establishment 
of ‹rumen biobanks› necessitates the development of 
stringent quality control metrics. Beyond pathogen 
screening, this includes defining acceptable thresholds 
for post-thaw viability (e.g., >50% viability for key 
functional groups) and functional potency (e.g., 
minimum in vitro gas production or VFA profile). 
International collaboration will be required to 
standardize these protocols and create a shared, 
well-characterized resource for the global research 
community.

9. Future Outlook: RMT Based on Coevolved Microbiota

Existing research indicates that rumen microbiota 
transplantation (RMT) yields significantly varying outco-
mes across different studies. These discrepancies can be 
attributed to multiple factors, including donor selection, 
recipient preparation, transplant dosage, administra-
tion methods, and recipient age and microbial activity. 
However, researchers often overlook a critical factor: 
the selection of natural microbial communities coevol-
ved with ruminant hosts.

Co-evolution refers to the mutually adaptive relations-
hip formed between ruminants and their rumen mic-
robiota through successive generations, profoundly 
influenced by ecological, evolutionary, and adaptive re-
ciprocal selection pressures. This perspective is strongly 
supported by the “whole organism” theory, which views 
ruminant hosts and their rumen microbiota as a single 
evolutionary unit. Through coevolution with their hosts, 
the microbiome profoundly shapes ruminants’ digestive 
metabolism, immune development, and environmental 
adaptation capabilities.

While modern ruminant farming systems enhance bio-
security, they inevitably restrict natural microbial trans-
mission. Compared to traditional grazing systems, inten-
sive farming fundamentally alters rearing environments, 
dietary composition, management practices, and anti-
biotic usage. Research indicates significant differences 
in rumen microbiomes between traditionally grazed and 
intensively farmed ruminants. These disparities may be 
closely linked to the recent rise in metabolic diseases 
and immune disorders among ruminants.

Notably, the rumen microbial composition of wild ru-
minants (such as bison and antelope) differs markedly 
from that of domesticated ruminants. This divergence 
reflects the evolutionary concept of niche specializa-
tion: wild microbiomes have adapted to diverse natu-
ral environments, establishing more stable mutualistic 
relationships, while domesticated microbiomes have 
altered due to reduced environmental complexity. The 
absence of native microbes may negatively impact ru-
men development and immune system maturation in 



39    

Anim Vet J 2026; 2(1): 17-50

ruminants, reducing their resistance to pathogens.

A recent innovative study explored the effects of 
transplanting rumen microbiota from wild ruminants 
into domesticated counterparts. The findings revealed 
that rumen microbiota from adaptable wild antelopes 
successfully colonized domestic cattle, significantly en-
hancing their resistance to certain endemic pathogens. 
This protective effect likely stems from reinforced ru-
men mucosal immunity, as transplanted animals exhi-
bited higher rumen IgA levels and improved mucosal 
barrier function.

More intriguingly, the study also revealed that wild mic-
robiota offer protection against metabolic disorders. 
Rumen microbiota from wild ruminants helped domes-
ticated animals better cope with metabolic stress indu-
ced by high-concentrate diets, reducing the risk of suba-
cute ruminal acidosis. This protective effect was closely 
linked to improved metabolic characteristics of rumen 
microbiota, including more stable fermentation patter-
ns and beneficial metabolite profiles.

Regarding microbial colonization competition, studies 
indicate that wild-derived rumen microbes exhibit 
stronger colonization advantages in the intestines of 
domesticated ruminants. This likely reflects host-speci-
fic adaptations formed through long-term coevolution. 
Such evolutionary compatibility enables wild microbiota 
to establish stable populations more effectively within 
the host gut and provide optimized physiological sup-
port.

Collectively, these findings suggest that utilizing natu-
rally occurring microbial communities co-evolved with 
ruminants for RMT may represent a novel strategy to 
enhance ruminant health and production performance. 
Although related research remains in its infancy, existing 
evidence strongly suggests that co-evolved microbial 
communities present in wild relatives of domesticated 
ruminants may harbor beneficial traits lost during do-
mestication and modern farming practices. The resto-
ration of these traits holds promise for pioneering new 
approaches to ruminant health management.

9.1. Reconciling Natural Communities with Engineered 
Consortia: A Path Toward Standardization

The recommendation to shift toward “co-evolved natu-
ral microbial communities” as transplant material may 
appear to conflict with the need for reproducibility and 
mechanistic understanding that engineered consortia 
provide. However, these approaches are not mutually 
exclusive but rather represent complementary strate-
gies that can be integrated to achieve both ecological 
robustness and clinical standardization.

The holobiont concept posits that the host and its co-
evolved microbial community function as a single evo-
lutionary unit.25 This perspective suggests that natural 
microbial communities possess emergent properties 
such as metabolic cross-feeding, spatial organization, 
and resilience to perturbation that are difficult to rep-
licate with simple consortia. For example, a study by 
Wang et al. demonstrated that rumen fluid from Allium 
mongolicum Regel-fed donors, containing a complex co-
evolved community, significantly improved lamb meat 
quality and reduced 4-alkyl branched-chain fatty acids, 

effects that could not be attributed to any single micro-
bial strain.245

Nevertheless, reproducibility is essential for clinical 
translation. The path forward lies in developing “defined 
synthetic microbial consortia” that capture the key func-
tional attributes of natural communities while enabling 
precise quality control. Recent advances in culturomics 
and genome-scale metabolic modeling21 enable the con-
struction of synthetic communities containing keystone 
species (e.g., fiber-degrading Fibrobacter succinogenes, 
lactate-utilizing Megasphaera elsdenii, and hydrogeno-
trophic  Acetitomaculum ruminis). These consortia can 
be co-cultured under controlled chemostat conditions 
to create a functionally redundant, pathogen-free inoc-
ulum with a predetermined CFU composition.

The standardization of such consortia requires several 
elements: (1) defined strain composition with authen-
ticated isolates; (2) reproducible production protocols 
including anaerobic culture conditions and quality cont-
rol metrics (e.g., viability staining, metabolomic fingerp-
rinting); (3) potency testing through in vitro assays (e.g., 
gas production, VFA profiles); and (4) stability testing 
under relevant storage conditions (e.g., cryopreservati-
on, lyophilization). By combining the ecological wisdom 
of natural communities with the rigor of synthetic bi-
ology, it is possible to develop RMT products that are 
both effective and reproducible. This approach does not 
abandon the holobiont concept but rather operationali-
zes it through modern biotechnological tools.

10. Conclusion and Outlook

This research direction aligns closely with the modern 
ruminant production system’s demand for precision and 
sustainable transformation. By integrating microbial 
ecology theory with animal nutrition practice, it promi-
ses to offer novel pathways for addressing challenges in 
ruminant farming, including production efficiency, dise-
ase prevention, and environmental sustainability.

This paper systematically reviews the mechanisms and 
application challenges of rumen microbiota transplan-
tation (RMT) and, for the first time, explores strategies 
to enhance its efficacy through co-evolved microbial 
communities. The future outlook section is more closely 
linked to current challenges in the livestock industry 
(such as antibiotic reduction and carbon neutrality), en-
hancing the practical relevance of the research. Althou-
gh rumen microbiota transplantation has emerged as 
a potential strategy for improving ruminant health and 
production performance through microbial ecological 
remodeling, research gaps remain, including inconsis-
tent efficacy and the need for naturally adapted mic-
robiota. The variability in RMT outcomes largely stems 
from the lack of standardized transplant materials most 
studies still rely on untreated rumen fluid transplants, 
which exhibit significant fluctuations in microbial com-
position, active microbial concentration, and functional 
stability. This makes it difficult to replicate desirable ef-
fects across studies and accurately predict intervention 
outcomes.

A key future research direction may involve drawing 
insights from comparative studies of microbial com-
munities in wild versus domesticated ruminants. This 
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could lead to the development of functionally tailored 
microbial communities, co-evolved with their hosts and 
cultivated in specific conditions, as transplant materials 
moving beyond reliance on traditional whole rumen flu-
id transplantation. By selecting microbial combinations 
that have co-evolved with ruminants over extended pe-
riods, RMT research holds promise for achieving more 
stable and predictable outcomes. In vitro cultivation of 
these microbial communities not only ensures metabo-
lic activity but also enables precise control of microbial 
doses, significantly advancing the standardization of re-
search outcomes.

Notably, core functional microbial groups identified th-
rough metagenomics and metabolomics such as high-
ly efficient fiber-degrading bacteria, ammonia-utilizing 
bacteria, and metabolites-regulating bacteria hold pro-
mise for constructing synthetic microbial consortia with 
specific functions. This precision microbiome editing 
strategy not only enables more targeted rumen micro-
ecological regulation but also significantly reduces the 
potential biosafety risks associated with whole rumen 
fluid transplantation. By isolating and culturing natural 
microbial combinations adapted to ruminant digestive 
physiology, more efficient, safe, and reproducible RMT 
protocols can be developed, offering innovative solu-
tions to enhance ruminant health and production effi-
ciency.

This research direction aligns closely with the modern 
ruminant production system’s demand for precision and 
sustainability. By integrating microbial ecology theory 
with animal nutrition practice, RMT offers novel pat-
hways to address challenges in production efficiency, 
disease prevention, and environmental stewardship.

Crucially, the transition of RMT from an empirical prac-
tice to a precision technology hinges entirely on its met-
hodological evolution. The field must move decisively 
beyond crude rumen fluid transplants. This requires a 
concerted, multi-disciplinary effort to: (i)  standardize 
protocols  through evidence-based guidelines for do-
nor selection, graft preparation, and administration; 
(ii) develop and validate robust quality control metrics, 
including viability assays and potency tests for next-ge-
neration defined consortia; and (iii) embrace and refine 
emerging methodologies such as synthetic ecology, mic-
rofluidics-based screening, and the creation of open-ac-
cess rumen biobanks. Embracing these methodological 
innovations is not merely an option but a necessity for 
unlocking the full, reliable potential of RMT as a corners-
tone technology for enhancing global ruminant produc-
tion and health in the 21st century.

Although the rumen and the colon are not exactly the 
same, it is not a place where uncontrolled inflammation 
occurs. The rumen epithelium has evolved complex me-
chanisms to maintain tolerance to the dense and diver-
se microbial community it contains.

Multilayer mucus barrier: The surface of rumen epit-
helial cells is covered by a layered mucus layer, whose 
main components are mucins such as MUC1, MUC13, 
and MUC20. This physical barrier prevents most micro-
organisms from directly contacting the epithelial cells. 
The composition of this mucus layer, including its gly-
cosylation pattern, can selectively promote the adhesi-

on of beneficial symbiotic bacteria while hindering the 
invasion of pathogens.

Regulation of pattern recognition receptors (PRRs): The 
rumen epithelial cells express TLRs and NLRs, but the-
ir signal transduction is strictly regulated. Commensal 
microorganisms and their metabolites (such as short-c-
hain fatty acids) can inhibit NF-κB signal transduction, 
thereby preventing the production of inflammatory 
responses. This immunologically low reactivity is an ac-
tive process, not a passive one.

The role of MUC13 in barrier function is complex and 
may be context-dependent, with some studies sugges-
ting protective effects via pathogen exclusion and ot-
hers indicating negative regulation of tight junctions. 
Therefore, the relationship between RMT-induced mic-
robial changes and MUC13 expression requires further 
investigation in ruminant-specific models.

The transplanted microbial community stimulates host 
gene expression through its metabolites (such as butyric 
acid), including the upregulation of MUC13. This enhan-
ced mucus barrier subsequently creates a more favorab-
le environment for the transplanted beneficial bacteria 
and an unfavorable environment for pathogens, forming 
a positive feedback loop. Therefore, the upregulation of 
MUC13 is both the result of successful RMT transplan-
tation and a contributing factor. The initial binding of 
rumen strains to MUC13 is a pre-existing characteristic 
that helps with initial colonization, but the subsequent 
upregulation of MUC13 is the host’s response, strengt-
hening the new microbial community.

Data availability

No datasets were generated or analysed during the cur-
rent study.
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