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Abstract 

As global demand for milk and meat increases, young ruminants need rapid gut development and sufficient mucosal 
immunity immediately after birth. However, their growing intestines face oxidative and microbial challenges that can 
harm long-term performance. This review systematically summarizes recent advances in how host genetics, early 
nutrition, and emerging microbiota interact to influence intestinal development and mucosal immunity under stand-
ard rearing conditions. We explore how the host regulates the gut microbiota, the microbiota’s role in maintaining 
gut integrity, barrier function, development, intestinal cell health, mucosal immunity, and how diet modulates gut 
microbiota composition in young ruminants. Microbial signals promote increased villus length and better epithe-
lial functions. Conversely, dysbiosis delays gut closure, weakens barrier integrity, and skews immunity toward pro-
inflammatory responses. Feeding strategies such as colostrum timing, milk replacers, and the addition of starter fiber 
and probiotics can alter microbial communities within days. Nonetheless, challenges remain in standardizing neonatal 
feeding practices, identifying microbe metabolite indicators of gut health, and integrating precision feeding technolo-
gies. By mapping the three-way interaction among host, microbiota, and diet, this review offers a blueprint for neona-
tal ruminant feeding that enhances both animal welfare and the productivity of future ruminant systems. This review 
also provides a novel mechanistic integration of host genetics, gut microbiota succession, and dietary interventions 
in young ruminants, filling the gap of fragmented multi-omics analyses in existing literature and offering targeted 
insights for optimizing gastrointestinal development and production efficiency.
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Introduction
The gut microbiota of young ruminants is a dynamic and 
multifaceted community that plays a key role in intestinal 
and mucosal immune development [1, 2]. It is a rapidly 
proliferating community that is established immedi-
ately post-birth, and early gut colonization significantly 
contributes to the development of gut-associated lym-
phoid tissue (GALT), differentiation of immune cells, 
and development of immune tolerance [2, 3]. Transcrip-
tomic assessment has revealed that the intestinal mucosal 
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immune system is strongly remodeled in the first week of 
life, which is due to microbial colonization and microR-
NAs [4]. Simultaneously, the host provides a nutritional 
niche and immune profiles that define the gut microbiota 
structure and function, ensuring a symbiotic relation-
ship [5]. The ontogeny of young ruminants has the effect 
of regulating the colonization of microbes via immuno-
logical as well as genetic mechanisms [6]. Early microbial 
assemblages are formed at parturition by contact with the 
skin and milk of the dam [7]. These initial exposures and 
host-derived chemo signaling determine the taxa capable 
of colonizing the gut. Colonization mechanisms are also 
under genetic control by pattern-recognition receptors, 
such as NOD-like and Toll-like receptors, which coor-
dinate responses to manipulation of the microbial com-
munity [8, 9]. The interplay between the microbiota and 
the immune system plays a major role in mucosal defense 
and maturation [3]. The selective production of antimi-
crobial peptides, including defensins and cathelicidins, 
targets pathogenic bacteria while sparing beneficial bac-
teria to maintain host-mediated balance [10]. Moreover, 
immune proteins such as secretory IgA enable bacterial 
adhesion, prevent adhesion to the intestinal mucosa, and 
promote tolerance to intestinal microorganisms [11].

The host genetics also control the microbial environ-
ment through the production of physicochemical param-
eters. For example, gradients of oxygen tension, pH, and 
bile acids, traceable up and down, resonate in the niches 
of gastrointestinal colonization by microbes [12, 13]. 
These conditions shift owing to the growth of the calf, 
especially during weaning, when dietary changes alter 
intestinal activities [14]. This is promoted by hormonal 
and dietary nutrients that help to form papillae, increase 
vascular flow, and alter gut motility and digestive func-
tion [15]. These changes help enable the uptake of micro-
bial fermentation end-products, such as short-chain fatty 
acids (SCFAs), a form of signaling molecules, presented 
to the host cells [16]. It also helps to feed the gut mucosa, 
strengthen the epithelial barrier, and inhibit inflam-
mation, which contributes to promoting healthy host-
microbe interactions [3, 17].

However, gut microbiota imbalance in the host, dietary 
changes, and abrupt weaning cause dysbiosis, barrier 
malfunction, and increased vulnerability to intestinal 
injury and inflammatory diseases [1, 18, 19]. To balance 
this situation, the gut microbiota produces SCFAs and 
secondary bile acids to regulate immune cell differen-
tiation and cytokine secretion, and the epithelial barrier 
significantly contributes to the regulation of innate and 
adaptive mucosal immunity [20–22]. Various microor-
ganisms that produce SCFAs differ in metabolite pro-
duction, for example, Firmicutes (syn. Bacillota) being 
the most common butyrate producers [23, 24]. These 

metabolites not only support anti-inflammatory activ-
ity and the development of regulatory T cells but also 
strengthen the mucosal and immune systems of the gas-
trointestinal tract [25, 26]. Microbial extracellular vesicles 
and metabolites also serve as mediators of interkingdom 
communication, regulators of host signaling pathways, 
and systemic immune responses [21, 27]. In addition, 
the immune response and surveillance establish a bal-
ance between commensal and pathogenic microbes, as 
the host immune system regulates microbial assemblies 
through the active governance of microbial signals [28, 
29]. Such crosstalk occurs primarily during early life, 
when the immune system and gut microbiota develop 
simultaneously, with long-lasting effects on host physiol-
ogy [30, 31].

In neonatal ruminants, nutritional strategies such as 
supplementation with yeast cultures, probiotics, prebi-
otics, and postbiotics have the potential to promote the 
growth of beneficial microbes, support mucosal immune 
development, and mitigate the negative effects of wean-
ing stress [32, 33]. The mechanisms underlying these 
strategies include the initial establishment, restoration, 
or preservation of microbial homeostasis, the promo-
tion of epithelial proliferation, and the enhancement of 
immune protection, thereby reducing the prevalence of 
gastrointestinal disorders and enhancing overall growth 
and well-being [34–36]. In this regard, the interaction 
between diet, microbiota, and host immunity is the most 
important determinant of intestinal development and 
resistance to disease in early life [37, 38]. The intestinal 
microbiota also serves as a satellite organ by facilitating 
digestion and protection, while also synthesizing essential 
homeostatic molecules involved in metabolism and the 
structure of the adaptive immune system [39]. Despite 
significant advancements in elucidating gut microbial 
alterations and nutritional strategies in young rumi-
nants, current reviews have several unresolved issues: 
most previous studies emphasize descriptive microbial 
profiles rather than the mechanistic bidirectional interac-
tions between the host and microbiota, do not differenti-
ate species-specific responses from overarching patterns 
across ruminants, and lack a unified framework con-
necting microbial metabolites to intestinal maturation 
and mucosal immune development. Furthermore, the 
context-dependent regulatory nodes governing early life 
microbial succession and immune development remain 
poorly defined, constraining the applicability of founda-
tional discoveries to a particular nutritional regimen. This 
review specifically emphasizes these constraints by incor-
porating mechanistic insights, multi-omics evidence, and 
species-specific data to analyze host-gut microbial inter-
actions, while elucidating speculative extrapolations and 
evidence-based generalizations about young ruminants.
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Methodology
This review systematically gathered, analyzed, and syn-
thesized research on the regulation of the interaction 
between gut microbiota and the host in young rumi-
nants. A literature review search was performed based 
on the PRISMA guideline, which suggests documenta-
tion of items in systematic reviews. Literature search 
was conducted using Scopus, Science Direct, PUB-
MED, and Web of Science, between 2015 and 2025. The 
search strategy was as follows: intestinal microbiome 
OR rumen microbiota OR crosstalk OR host-microbe 
interaction OR mucosal immune system OR young 
ruminants OR calves OR kids OR lambs, and a search 
of the respective keywords was conducted in the inter-
national literature database. We also applied the subject 
and keywords with the Boolean operators AND/OR to 
identify target articles, and the language was restricted 
to English to identify intersections. In addition, the ref-
erence lists of the selected articles were reviewed to 
identify additional relevant articles (Fig.  1). The inclu-
sion criteria focused mainly on the published works 
related to ruminant species, including cattle, sheep, 
and goats, which were considered eligible for selec-
tion. Concerning age, the inclusion scope covered stud-
ies involving pre-weaned and post-weaned ruminants, 
as well as growing and adult individuals, provided that 
the age group was clearly reported in the original pub-
lication. Studies were excluded if they did not provide 

sufficient original quantitative or qualitative data rele-
vant to the research objectives, including editorials, let-
ters, commentaries, and conference abstracts without 
full data. For this comprehensive review, studies were 
excluded if they were editorials, letters, conference 
abstracts, or lacked complete usable data. Methodo-
logical quality and risk of bias were formally assessed 
for all included studies, as a core step of the systematic 
review to maintain rigor and ensure the reliability of 
synthesized evidence.

Overall, 1,201 keywords were found in the recorded 
information, each occurring only once. The count of 
the top frequently occurring keywords was estimated 
at 46. The most common frequency was 21–56, with 
gut microbiota at the top (56), microbiome at the sec-
ond position (53), microbiota (51), and rumen (47). 
Approximately 16 keywords that represented names of 
places (countries) were eliminated, and the remaining 
73 keywords were used to conduct the analysis. These 
keywords were grouped into five clusters using the 
VOS viewer software (Fig.  2). VOSviewer analysis was 
used to map keyword co-occurrence and thematic net-
works among the included literature, supporting clear 
biological interpretation by revealing hidden research 
links, highlighting core biological themes, and mapping 
out the full landscape of the field, while complement-
ing rather than replacing systematic data synthesis to 
deepen holistic biological understanding.

Fig. 1  Flow chart of the study selection, inclusion, and exclusion process
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Core functions of gut microbiota on intestinal 
development and health of young ruminants
Maintenance of intestinal integrity and barrier function
The intestinal microbiota plays a key role in establish-
ing and maintaining gut integrity and barrier function 
in young ruminants. The maternal nutrition and the gas-
trointestinal microbiome of ruminants are the primary 
determinants of gut shapes and the gut microbiota of the 
offspring [15]. Maternal microbiota and nutrition deter-
mine early exposure to microbes needed to colonize the 
gastrointestinal tract (GIT), such as the rumen and intes-
tine, and establish a normal gut ecosystem [40]. How-
ever, this interpretation remains controversial, as certain 
identified prenatal microbial signals may represent DNA 
contamination rather than viable colonizers [41]. The 
GIT colonization, particularly by lactic acid bacteria and 
bifidobacteria, helps with epithelial barrier maturation 
through the upregulation of tight junction proteins (clau-
dins and occludin) [42–44]. Other commensal bacteria 
also adjust barrier function by influencing prominent 
signaling pathways, such as by downregulating epithe-
lial neuropilin-1 and hedgehog signaling [45]. Microbial-
derived metabolites, including short-chain fatty acids, 
amino acids, and bile acids, serve as principal regulators 

of barrier function and influence signaling pathways that 
govern tight junction proteins and permeability [42, 46]. 
These metabolites are pivotal in the organization of the 
intestinal barrier when animals transition from suckling 
to weaning [47, 48]. Among these, butyrate preserves 
the function of epithelial cells, upregulates tight junc-
tion proteins such as ZO-1 and occludin, and balances 
physiological hypoxia to enhance barrier strength [49]. 
Nonetheless, existing evidence connecting microbial 
metabolites to intestinal barrier maturation is predomi-
nantly correlative, and direct causal linkages are not yet 
adequately demonstrated [50, 51]. For example, sup-
plementation of Clostridium butyricum increased fecal 
butyrate and propionate concentrations and reduced 
diarrhea incidence in preweaning Holstein calves, sup-
porting a beneficial role of short-chain fatty acids in 
intestinal health [50]. The underlying mechanisms also 
remain incompletely characterized, as much of the avail-
able evidence is still derived from in  vitro systems that 
may not adequately reflect ruminant intestinal physiol-
ogy. Accordingly, many studies reported that a stable 
and diversified microbiota is a key determinant for sus-
taining the optimal integrity of the intestinal barriers 
because it enhances the physical and chemical protective 

Fig. 2  The keyword co-occurrences of gut microbiota-related research 2015–2025. The nodes refer to the frequency of documents 
where the keyword was quoted. The node colors refer to the cluster where the keyword belongs
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mechanisms to alleviate translocation of pathogens [52, 
53]. This dysbiosis promotes the growth of pathogens and 
compromises the system by increasing gut permeability 
[54]. This condition is further worsened at the prewean-
ing and weaning stages, which are marked by signifi-
cant dietary and microbial community changes [55]. At 
this point, stress-induced inflammatory responses may 
change the distribution of tight junctions, make paracel-
lular permeability higher, and help lipopolysaccharide 
move through the lumen, which raises the risk of enteric 
disease [56, 57]. For example, dietary strategies aimed at 
the milk-to-solid transition can alter microbial compo-
sition and restore or enhance tight junction and mucin 
expression, thereby decreasing disease risk [58–60]. In 
line with this, interventions such as probiotic supplemen-
tation have been reported to improve gut barrier func-
tion, reduce pathogen load, and enhance overall health 
and development [61]. Overall, the intestinal microbiota 
is closely related to the development of barriers; however, 
the exact microbial taxa, metabolites, and host pathways 
that are directly involved are still not well understood. 
Consequently, additional longitudinal, diet-controlled, 
and ruminant-specific mechanistic studies, supported by 
standardized multi-omics methodologies, are essential to 
elucidate the direct regulators of intestinal barrier func-
tion in young ruminants [62].

Promotion of gut structure and development
The structure of the gut and the development of the 
villi depend on the composition and the function of 
the gut microbiota. To establish strong immune capac-
ity and barrier function, the rumen and intestine must 
develop properly during the pre-weaning period. This 
will reduce the animal’s susceptibility to disease and 
ensure that it can adapt to a variety of dietary environ-
ments in later life [63, 64]. Growth performance and 
nutrient absorption may be permanently hampered 
if gut development is not optimized during this deli-
cate stage [65, 66]. It has been reported that Macleaya 
cordata (MCE) supplemented until weaning resulted 
in a remarkable increase in the length of the ruminal 
papillae, villus height, and the ratio of villus height 
to crypt depth in the small intestine [67]. In another 
study, the development and enrichment of the struc-
ture and diversity of the mucosal microbiota was found 
to enhance the growth and villus formation in juvenile 
sika deer [61], which may provide insights into similar 
processes in other juvenile ruminants. Changes in the 
intestinal microbiome composition also enhance intes-
tinal weight, length, and villus-crypt morphology [68].

Furthermore, the presence of certain microbial taxa, 
such as Lachnospiraceae and Ruminococcaceae, has 
been associated with improvement of villus structure 

and intestinal function [69, 70]. SCFAs are also capa-
ble of stimulating the proliferation and differentiation 
of intestinal cells, which results in the expansion of villi 
and improvement of mucosal turnover [71]. However, 
the contribution of SCFAs, particularly the effect of 
butyrate on gut structural development, also appears to 
be context dependent. Although sodium butyrate supple-
mentation has been reported to increase ruminal papil-
lae length and width [72], whereas other studies found 
no effect on papillae length when butyrate was supplied 
as tributyrin in calf starter [73]. These discrepancies 
might be due to being sometimes overridden by factors 
such as the animal’s age, the overall diet composition, 
and the dosage and form of butyrate administered. This 
enhancement correlates with the activation of signaling 
pathways, such as Wnt/β-catenin, involved in intestinal 
stem cell function and villus development [74]. Nota-
bly, evidence directly linking specific microbial taxa to 
Wnt/β-catenin signaling in ruminants remains limited, 
and much of the mechanistic understanding comes from 
non-ruminant models. In addition, caecal microbiomes 
have been linked to villus height and improved growth 
performance, highlighting the role of microbial succes-
sion in early-life development [75]. Moreover, the micro-
biota controls genes that regulate the epithelial barrier 
and angiogenesis, which determine the restructuring of 
villus capillary networks necessary for nutrient absorp-
tion and gut health [76]. Similarly, the regulatory inter-
play between nutrient metabolism, the innate immune 
system, and commensal microbiota helps to modulate 
cellular and morphological intestinal features, such as 
epithelial lineage regeneration and maturation, and cap-
illary networks of the villus structures [77]. Current evi-
dence supports a close link between the gut microbiota 
and intestinal structural development, but it remains 
unclear whether specific microbial taxa and metabolites 
directly regulate villus and papillae growth or accompany 
changes in diet and host development. Therefore, more 
mechanistic studies are needed to distinguish direct 
microbial effects from secondary nutritional and growth-
related influences.

Safeguarding of intestinal cell health and function
The intestinal microbiota maintains the health and 
functional integrity of intestinal epithelial cells through 
various regulatory mechanisms. For example, resident 
microbiota activate the production of regulatory immune 
cells, such as IL-10-producing B cells, through TLR2/
MyD88/PI3K signaling pathways, which maintain both 
the repression of mucosal inflammation and colonic 
homeostasis [78]. Intestinal microbiota and epithelial cell 
interdependence are highly site-specific in ruminants, 
and local crosstalk forms organ-level functionality and 
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physiology [79]. The mucosal barrier is composed of a sin-
gle epithelial cell that physically and chemically separates 
the microbiota and the host immune system to maintain 
homeostasis [48]. Intestinal epithelial cells release a host 
of immunological mediators, such as chemokines and 
cytokines, that regulate host immunity and maintain a 
balanced host-microbe interaction on microbial activa-
tion [80]. The microbiota also maintains epithelial bar-
rier health and conditions the mucosal immune system, 
with an immune tolerance balance by microbial metabo-
lites and direct cellular contacts [81]. Similarly, epithelial 
cells perceive and react to microbial signals, controlling 
proliferation, differentiation, and barrier integrity [82]. 
Accordingly, the maintenance of gut barrier homeostasis 
depends on bidirectional regulation between epithelial 
cells, immune cells, and the microbiota, with dysregula-
tion leading to disease and inflammation [83]. The com-
mensal bacteria are not only effective in gut maturation 
and integrity but also prevent pathogens and regulate 
the immune responses [84]. In this situation, special-
ized epithelial lineages, such as Paneth and goblet cells, 
work together with microbiota to ensure homeostasis 
and barrier functions [85]. In the face of infections, epi-
thelial cells organize innate immune-stressed responses, 
mucus secretion, and the release of cytokines to coun-
ter the pathogen and regulate their interaction with the 
microbiota [86]. Epithelial cells also coordinate the sign-
aling of commensal microbes and structure the regula-
tory pathways that define the role and recruitment of 
immune cells [87]. However, most mechanistic evidence 
has been derived from in vitro cell systems or non-rumi-
nant models, which may not fully capture the complexity 
of epithelial microbiota interactions in young ruminants. 
Generally, intestinal immune homeostasis and resistance 
to disease in young ruminants cannot be achieved with-
out a dynamic interaction between gut microflora and 
epithelial cells [28]. Therefore, prioritizing ruminant-spe-
cific mechanistic approaches to clarify how microbial sig-
nals directly regulate intestinal cell health and function is 
crucial.

Bidirectional regulation between the host and gut 
microbiota
Colonization dynamics of gut microbiota in young 
ruminants
The gut microbiota maturation in neonatal ruminants is 
one of the key events that affect gastrointestinal activity 
as well as the overall health condition [88, 89]. Figure  3 
indicates that development occurs in distinct phases with 
remarkable changes in microbial function and structure 
from birth to weaning to adulthood. At birth, gut micro-
biota is largely influenced by maternal sources of micro-
bial exposure, such as the microbiota of vaginal and 

breast milk, which provide important bacteria for initial 
colonization [90]. According to Bi et al. [91], the early gut 
microbes of bottle-fed lambs were dominated by bacteria 
from the mother’s vagina, ambient air, and the sheep pen 
floor, 46%, 31%, and 12%, respectively, whereas those of 
suckled lambs derived from the mother’s teats (43%), and 
ambient air (28%). Although there is evidence indicating 
that mammals may be inoculated with a dense micro-
biota in the uterus, the microbial community undergoes 
rapid changes in the initial postnatal life [7]. This prena-
tal colonization hypothesis remains controversial because 
microbes detected in fetal tissues or amniotic fluid may 
represent DNA contamination rather than viable colo-
nizers, and their long-term contribution to postnatal gut 
assembly is still unclear [92, 93]. For instance, Escherichia 
and Clostridia colonize the intestines on the first day after 
birth, and the diversity in the rectum initially decreases 
before increasing rapidly after seven days [7]. Nonethe-
less, some longitudinal studies instead have described 
a more continuous increase in diversity during the first 
weeks of life, suggesting that colonization may follow a 
more deterministic successional pattern [94]. After this 
period, microbial diversity increases and specific taxa 
become more prominent around 42 d, which is a prereq-
uisite for the transition to a more complex and stable gut 
ecosystem [61, 89, 91]. This development continues until 
the rumination phase (approximately 70 d), whereby the 
gut microbiota reaches a more stable and diversified form 
[61]. This process is further stimulated by weaning, which 
establishes progressive transformations in microbes 
[95]. At this age, ruminal bacterial populations are more 
diverse in lambs fed starter diets than in those on milk 
[96], and the microbiome shifts towards a more adult-like 
appearance by the age of one year, with families and gen-
era similar to those of adult cattle, but with different oper-
ational taxonomic units (OTUs) [14, 97]. However, the 
long-term significance of these early shifts remains uncer-
tain because some dietary effects on microbiota composi-
tion do not persist into adulthood [98].

In addition to the developmental phases, gut micro-
biota is essential for host metabolism, which performs 
important processes in amino acid and carbohydrate 
metabolism that play essential roles in development and 
health [89]. In contrast, alterations in early life that are 
triggered by illness or nutritional exposure may lead to 
substantial structural changes in the intestinal micro-
biome, which could influence long-term productivity 
and health [99]. In this regard, microbial interventions, 
including direct-fed microbes, are a promising approach 
to normalize gut communities and promote the produc-
tivity and health of calves [100]. The disease resistance 
capability the animals is also improved by a well-estab-
lished and stable microbiota [101].
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Host genetic regulation of gut microbiota in young ruminants
Genetic control in the host has a fundamental effect on 
the structure of the gut microbiota of young ruminants 
(Fig.  4). It also plays a significant role in shaping the 
early gut microbiota of calves, with paternal genome 
and mucin-encoding gene variants associated with bac-
terial abundance [102]. Moreover, breed composition 
accounts for more than half of the variation in core bac-
terial genera in calves, and butyrate-producing bacteria 
such as Roseburia and Oscillospira are associated with 
SNPs in genes involved in immunity and metabolism 
[103]. Nonetheless, breed-based comparisons have con-
founded genetic effects with environmental factors, as 
different breeds often experience distinct management 
conditions, geographic locations, and nutritional histo-
ries. In this context, gut microbiota characteristics are 
moderately heritable with the heritability estimate (h2) 
of 0.38—0.39, and microbial genera and feed efficiency 
traits share a genetic correlation [104]. However, herit-
ability estimates require cautious interpretation, as they 
are population-specific and may not translate across dif-
ferent management systems or breeds. Furthermore, the 
genetic correlation between the microbiota and feed effi-
ciency may reflect pleiotropic effects or linkage disequi-
librium rather than direct functional relationships [105]. 
Genome-wide association has consistently revealed host 

genomic regions associated with genus abundance, such 
as Akkermansia and Prevotella, indicating a genetic basis 
for microbiota composition [106]. Moreover, host genet-
ics can influence the richness of gut enterotypes that 
correspond with development and metabolic functions 
[107]. In beef cattle, for example, some genomic locations 
have been associated with the richness of the rumen 
family of bacteria, such as Prevotellaceae and Fibrobac-
teraceae, indicating that host genes could influence the 
choice of microbes for maximum energy gain [108]. To 
this end, Arshad et al. [37] pointed out that transgenesis 
and the host’s genotype influenced the families of rumen 
bacteria in neonatal ruminants, with implications for 
development and gut function. Similarly, host genetics 
explains approximately 37%–52% of the variation in core 
bacterial taxa, depending on the growth stage, with envi-
ronmental and dietary factors contributing significantly 
to individual differences [103]. Furthermore, the richness 
and structure of bacterial communities in crossbred and 
purebred beef calves differ during early life and impact 
gut microbiota colonization and establishment [109]. 
However, these GWAS findings have methodological 
limitations; associated SNPs typically explain only a por-
tion of the phenotypic variance for specific taxa [9], and 
significant associations with overall diversity metrics are 
often lacking in large-scale studies.

Fig. 3  Microbial colonization dynamics and host physiological development in the rumen of young ruminants. This figure illustrates the changes 
in microbial alpha diversity (blue line) and host physiological function (red line) across different stages of ruminant development (0 to 20 weeks 
of age)
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Moreover, host genetics in sheep, as described by Huang 
and Li [110], regulate the populations of metagenomic 
archaea in the rumen and thereby influence methane 
production and feed efficiency. In dairy calves, the colo-
nization of the core gut microbiota is also regulated by 
host genotype; there are higher percentages of beneficial 
bacteria in the hindgut, such as Faecalibacter [111]. Simi-
larly, a study on Korean native goats and Hanwoo steers 
found that the fiber-degrading activity of rumen bacteria 
is shaped by host-specific and substrate-specific factors, 
thereby influencing the efficiency of forage utilization in 
different ruminant species [112]. Likewise, the genetic 
distinctions in crossbred cattle are also associated with 
variations in the density of Prevotella and Ruminococcus, 
important for fiber digestion [113]. There is also other evi-
dence to suggest that sex and breed may have a potential 
influence on the relative abundance of Prevotellaceae and 
other fiber-degrading bacteria, with certain Prevotella taxa 
being positively associated with crossbreeding cattle feed 
efficiency [114]. Host genetic effects can also be modu-
lated by sex or overridden by diet, particularly for Bacte-
roidetes members that are primarily diet responsive [9]. 
These findings demonstrate that the host environment and 
genetics are powerful predictors of the structure and func-
tion of the gut microbiota in young ruminants, with direct 
impacts on health, growth, and productivity (Fig. 4).

Furthermore, the host genetics contribute in part 
to regulating microbial colonization and community 
structure in the gut [115]. The rumen microbiota is also 
established based on the genetic architecture of the host, 
thereby determining productivity, state of health, and 
feed conversion ratio [116, 117]. It has been observed 
that the distinct microbial community structure observed 
between monogastric and polygastric species [115], and 
comparable microbiota has been observed in twin calves 
raised in a controlled environment [116]. In another 
study, the correlation between host genetics and rumen 
microbiota in sheep suggested that the genetic differences 
affect the colonization and abundance of bacterial genera 
[118]. Such genetic determinants have great potential 
in the design of precision interventions to enhance the 
productivity of livestock [117]. Table 1 indicates that the 
host genetics affects the gut microbiota of young rumi-
nants. Host genotypes have emerged as one of the most 
fundamental factors shaping gut microbiota composi-
tion and function in ruminants. The rumen microbiota 
explains 20% of phenotypic variation in Hu lambs [119], 
whereas in beef cattle, host genetics accounts for 52.2% 
of the relative abundances of microbiota in the prewean-
ing and postweaning periods [103]. In Holstein and 
Brown Swiss cattle, host genetics determined 48% of the 
total microbial composition as measured by both 16S 

Fig. 4  The conceptual integrated framework of host genetics, microbiota, intestinal development, and immune outcomes in young ruminants
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and 18S rRNA analysis [124]. These findings collectively 
demonstrate that genetic background is a major driver of 
microbial community assembly. Furthermore, breed type 
significantly affects bacterial community structure, with 
microbiota composition greatly varying between differ-
ent sheep breeds [122], indicating that the genetically 
determined differences between breeds create distinct 
microbial ecosystems, even within the same species. The 
consistency of these genetic effects across multiple cat-
tle breeds and sheep populations suggests a fundamental 
biological principle: host genetic variation creates selec-
tive pressures that favor specific microbial populations 
over others.

Host age‑mediated regulation of gut microbiota
Gastrointestinal development in ruminants is a mul-
tifaceted process that is highly dependent on host age 
(Table 2). Age is a primary factor influencing the compo-
sition, diversity, and stability of gut microbiota in young 
ruminants [90, 136]. These host and age-mediated devel-
opmental processes are key to improving the overall per-
formance and productivity of ruminant animals [137, 
138]. This age-mediated regulation significantly shapes 
the gut microbiota, as evidenced by studies showing 
that microbial diversity in sika deer correlates with age, 
disease status, and growth performance [128]. Further-
more, transcriptional profiling reveals marked distinc-
tions between neonatal and adult ruminants, particularly 
in the rumen, with significant changes in gene expres-
sion related to pathogen recognition, immunity, and 

metabolism during the transition from pre-ruminant to 
functional ruminant [128, 138]. Anatomical development 
parallels these functional changes; the mass of the rumen, 
reticulum, omasum, abomasum, and other intestines 
gradually increases with age [139, 140]. Additionally, the 
microbial community undergoes dynamic succession. At 
birth, the rumen and cecum experience a rapid influx of 
microbes, a community that changes from one month 
through adulthood [141]. This age-dependent coloniza-
tion is consistent across species; for instance, the coloni-
zation and metabolomic profile within the small intestine 
of goat kids also vary significantly with age [129]. Moreo-
ver, bacterial diversity progresses as calves grow, with 
Shannon diversity index values notably higher at 21 and 
42 d than at 7 d of age, and the variation between indi-
vidual animals decreases over time [142]. This trend is 
driven by the combined effects of host maturation and 
associated dietary shifts, both of which affect microbial 
diversity from 7 to 49 d of age [143] and 7 to 63 d [144].

Moreover, age is a critical temporal variable influencing 
the establishment and maturation of ruminant gut micro-
biota (Table 2). Age gradually increases the relative abun-
dance of Ruminococcaceae in cattle over the first three 
years of life [126], indicating progressive shifts in the 
dominant bacterial populations as animals develop. The 
diversity and richness of sika deer microbiota increase 
with age from 1 to 70 d [128], demonstrating that micro-
bial ecosystem complexity expands during early devel-
opment. Bacterial community compositions in digesta 
markedly differ from those in the mucosa across age 

Table 1  Influence of host genotype on gut microbial community composition in ruminants

GWAS Genome-wide association study, 16S rRNA 16S ribosomal RNA, MWAS Microbiome-wide association study

Experimental unit Age/range Methods  Microbial association Reference

Hu lambs 1,150 male Hu lambs GWAS/MWAS The rumen microbiota explains 20% of the pheno-
typic variation

[119]

Ji’nan Wild Zoo Three species belonging to Caprinae 16S rRNA The relative abundance of intestinal microflora 
was significantly increased

[120]

Dairy sheep Multiparous Lacaune dairy ewes GWAS Host genetics controls the abundance of rumen 
microbiota

[121]

Sheep breeds Three different sheep breeds 16S rRNA Microbiota composition was greatly different 
between breeds

[122]

Hainan black goats 
and Saanen white goats

7–12 months of age 16S rRNA The intestinal microbiota of black and white goats 
were slightly different

[123]

Steers and heifers 844 heifers GWAS Host genetics affects rumen bacterial community 
composition

[108]

Beef cattle 228 preweaning calves 16S rRNA Host genetics and paternal genome significantly 
affect the gut microbiota of preweaning calves

[102]

Holstein and Brown Swiss Eighteen animals 16S and 18S rRNA Host genetics determined 48% of microbes [124]

Jersey and Holstein cows 5 Holstein and 4 Jersey cows 16S rRNA Breed type significantly affects the bacterial com-
munity

[125]

Beef cattle 278 multibreed Angus Brahman 
preweaning and postweaning

GWAS Host genetics accounted for 52.2% the relative 
abundances of microbiota in preweaning calves

[103]
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groups in goat kids from birth to 30 d [127], suggesting 
that distinct microbial niches develop as the gastrointes-
tinal tract matures. Notably, higher microbiota similari-
ties were found in the gut segments of younger Holstein 
cattle than in older animals [130], indicating that micro-
bial community divergence increases as animals grow 
from young to adult stages. The critical weaning transi-
tion at 7 or 17 weeks of age produces progressive changes 
in both the microbiome and metabolome profiles of Hol-
stein calves [132], highlighting that dietary transitions 
during development fundamentally reorganize microbial 
communities and their metabolic capabilities. However, 
contradictory findings exist regarding the consistency of 
age-related microbial changes. For instance, there was no 
significant difference in the relative abundance of major 
bacterial phyla between different ages in goats [145], sug-
gesting that feeding strategies or weaning age may over-
ride simple age effects. Similarly, early weaning in lambs 
led to decreased rumen microbiota richness and diver-
sity at 26 and 35  d compared to conventionally weaned 
controls, with partial recovery by 63  d [146], indicating 
that age effects are highly context-dependent and interact 
with management practices. Additionally, age is a com-
posite variable encompassing dietary transitions, rumen 
development, and immune maturation, all of which 
independently shape microbiota. Thus, age provides a 

temporal framework rather than a direct causal driver. 
The convergence of microbial communities with age 
may result from genetic programming, diet, or micro-
bial competition, but the underlying mechanisms remain 
unresolved. For example, Recent longitudinal studies 
demonstrated that fecal microbial alpha diversity (Shan-
non index) increases progressively from week 1 (3.2 ± 1.1) 
to week 2 (3.9 ± 1.20) to week 3 (5.2 ± 0.9) in neonatal 
dairy calves [147], supporting the concept of age-depend-
ent diversification. These challenges emphasize the need 
for controlled developmental studies, gnotobiotic mod-
els, and multi-omics approaches to move beyond asso-
ciative evidence toward a mechanistic understanding 
of age-mediated regulation of gut microbiota in young 
ruminants.

Regulation of host intestinal development by gut 
microbiota
The complex interaction of metabolic, immune, and 
gene-expression mechanisms regulated by the intestinal 
microbiota affects intestinal development, which is sensi-
tive to dietary and environmental factors. The postnatal 
period is a critical developmental window characterized 
by changes in nutrients and absorption and the activa-
tion of the host signaling cascade, which enhances the 
proliferation of epithelia, maturation of immunity, and 

Table 2  Host age on modulation of microbial colonization

NLRP3 NOD-like receptor family pyrin domain-containing three, 16S rRNA 16S ribosomal RNA, IL33 Interleukin 33, L1A Interleukin 1 alpha, IL1B Interleukin 1 beta

Experimental unit Age/range Methods Results Reference

Mongolian cattle At 5, 8, and 36 months of age of fifteen Ujumqin 
Mongolian cattle

16S rRNA Age gradually increased the relative abundance 
of Ruminococcaceae

[126]

Goat kids Twenty-four newborn kids from born to thirty 
female goats of similar body weights and age

16S rRNA The bacterial community compositions 
in the digesta markedly differed from those 
in the mucosa across age groups

[127]

Deer Fifteen neonatal sika deer at 1, 42, and 70 d 16S rRNA Diversity and richness increased with age [128]

Goat kids Twenty-four healthy male goats at birth, 1, 2, 
and 12 months of age

16S rRNA A rapid invasion of microbes in the rumen 
and caecum at birth, and gradually shifts 
from 1 month of age to adulthood

[129]

Holstein calves and cows Fifty-eight healthy female Holstein cattle aged 
1 week to 5 years old

16S rRNA Higher microbiota similarities were found 
in the gut segments of younger animals com-
pared to older animals

[130]

Goat kids Forty-eight healthy female Laiwu black goats 
of eight ages (1, 7, 14, 28, 42, 56, 70, 84 days 
of age)

16S rRNA In the Jejunum and colon, a significant member 
of microbiota is observed across all ages

[131]

Holstein’s calves Fifty-nine calves in two weaning groups 
at 7 weeks and 17 weeks of age

16S rRNA A progressive change was observed 
in the microbiome and metabolome profile 
after weaning at 7 or 17 weeks of age

[132]

Newborn calves Twenty-one calves at d 2, d 28, and at weaning 16S rRNA Significant age-related changes observed 
in the composition of rumen microbiota

[133]

Newborn calves From birth to 8 (57 d) weeks old 16S rRNA The composition of the gut microbiome 
improved from birth to 8 weeks of age

[134]

Aberdeen Angus calves Post-birth up to 96 days of age 16S rRNA ↑IL1B, IL33, inflammasome sensor NLRP3, 
and inflammatory cytokines IL1A

[135]
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metabolic adaptation [37, 148]. Early colonizers also gen-
erate volatile fatty acids that regulate host gene modules 
and microRNAs with zinc ion binding and transcriptional 
control, affecting rumen and intestinal development [6]. 
These short-chain fatty acids are particularly generated 
by the fermentation of dietary fibers by microbes [2]. 
Butyrate mediates epithelial apoptosis and proliferation 
through G protein-coupled receptor 43 (GPR43) and reg-
ulates the expression of the cytokine to maintain mucosal 
development and stability [149]. Microbial-derived mol-
ecules also determine immune homeostasis, building on 
the formation of gut-associated lymphoid tissue (GALT) 
and cytokine cues (e.g., IL-1 2, TNF-2, IFN-7), which play 
vital roles in immune cell differentiation and mucosal 
defense [150]. Diet is another important factor in provid-
ing beneficial bacterial taxa, including Lachnospiraceae 
and Ruminococcaceae, which create an immune thresh-
old, and high-starch-based diets break the immune bal-
ance and create an inflammatory environment based on 
TH2-secreted cytokines [151]. In addition, metabolism 
and immunity, multi-omics research studies have shown 
that microbial colonization restores host transcriptomic 
and epigenetic topography [152]. These maintenance 
processes are region-specific, along with different gastro-
intestinal segments. Replication and backup mechanisms 
become activated in the small intestine and involve a 
peak activity in carbohydrate and amino acid metabolism 
in the large intestine [61]. Microbial succession is strictly 
connected with the developmental stage; the functional 

replacement and hub portions of microbes support 
metabolic adjustment and immune development [148]. 
Figure 5 indicates the regulation of host intestinal devel-
opment by gut microbiota.

Regulation of host mucosal immunity by gut microbiota
Gut microbiota has become a key controller of mucosal 
intestinal immunity in younger ruminants, and immu-
nological progression is restricted to a narrow zone, 
as determined by previously set microbiota signals; it 
depends on the diet and relationships with the environ-
ment [32, 153]. Primary colonization take place through 
the colostrum, the milk, and the exposure to the environ-
ment, providing the host with the necessary microbial 
consortium necessary to conduct immunological pro-
gramming [90, 91, 154, 155]. A diverse microbiota then 
turns out to be an immunomodulatory metabolic organ, 
and it generates the necessary insulinogenic metabolites, 
such as SCFAs and bile acids [156, 157]. These metabo-
lites regulate innate and adaptive immune reactions and 
enhance defenses against enteric pathogens and rein-
force the intestinal barrier, creating the preconditions of 
host health and disease resistance [2, 37, 158]. Microbial 
maturation is a fragile process prone to dysbiosis, which 
can be easily disturbed by perturbations. Such dysregu-
lation contributes to disease development, which is fur-
ther exacerbated by additional adversity, e.g., infectious 
agents, poor nutrition, or management-related stressors 
[101, 159]. The pathophysiology of neonatal diarrhea and 

Fig. 5  Regulation of host intestinal development by gut microbiota. bPRGH: Bovine prolactin/growth hormone; HDAC: Histone deacetylase; 
P13-AKT: Phosphoinositide 3-kinase/protein kinase B; FXR: Farnesoid X receptor; NF-kB: Nuclear factor kappa B; IL-10: Interleukin-10; IL-6: 
Interleukin-6: SLC5A8 (SMCT1): Solute carrier family 5 member 8
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cryptosporidiosis is characterized by changes in the com-
position of the microbial network, including increased 
Enterobacteriaceae, decreased metabolite production, 
and shifts in immunological markers, such as increased 
immunoglobulin levels and elevated cytokine levels [160]. 
These mechanisms are also governed by direct associa-
tions between individual bacterial taxa and individual 
host immune gene expression, highlighting the extreme 
impact of microbial communities on the immunological 
condition of the host [161, 162]. Consequently, early-
life interventions and the implementation of strategies 
to regulate microbial colonization are a top priority in 
promoting health [131]. The use of administered probi-
otics, probiotic cultures, and fortified colostrum, as well 
as specific nutritional interventions, has been successful 
in increasing microbial diversity, enhancing beneficial 
metabolic output, and eventually improving immunity 
and the treatment of diarrhea [163–165]. In summary, 
achieving balanced and stable gut microbiota by provid-
ing specific interventions is a vital approach that must be 
implemented to optimally develop the immune system 
in young ruminants [165–167]. The mucus layer, the epi-
thelial layer, and the intestinal mucosal immune system 
make up the intestinal mucosal immune system, as indi-
cated in Fig. 6.

Dietary regulation of gut microbiota and host 
intestinal development
Milk replacer and starter
Early nutrition, delivered through milk replacer and 
starter feed, simultaneously shapes gut microbiota, 
immune competence, and later performance-controlling 
metabolic set points in young ruminants. Milk replacers 
tailored to replicate maternal milk stimulate Lactobacillus 
and Bifidobacterium and repress enteric pathogens [168]. 
Oligosaccharide-enriched milk replacer promotes Bifido-
bacterium and Faecalibacterium prausnitzii colonization 
[169]. However, the relative contributions of oligosaccha-
rides versus protein sources remain undetermined, and 
confounding factors under different feeding regimens 
complicate causal interpretation; associations do not 
establish that specific milk replacer components directly 
cause bacterial enrichment. Starter-feed introduction 
also accelerates colonization of fibrolytic taxa (Prevotella, 
Ruminococcus), boosts ruminal concentrations of SCFAs, 
and stimulates growth of the epithelial papillae [170]. The 
physical structure, nutrient density, and additives, such 
as yeast or phytogenic products, all promote a microbial 
balance toward beneficial microbes and away from path-
ogens [168], whereas overfeeding milk replacer with no 
step-down regimen depresses rumen maturation. Balanc-
ing the two rearing stages, sequential substitution of milk 
replacer with textured starter feed facilitates sequential 

microbial succession, maximizes rumen performance, 
and boosts feed efficiency [169, 171]. Because SCFAs and 
other microbial catabolites also serve as signaling mol-
ecules for host immunity and metabolism [172], research 
has increasingly focused on non-antibiotic additives that 
enhance rather than disrupt these pathways without 
selecting for antimicrobial resistance [173]. In general, an 
accelerated yet stepwise regimen of milk-to-starter offers 
a practical, non-drug option for achieving rapid growth 
of the rumen and ensuring long-term growth perfor-
mance in pre-weaned calves.

Dietary supplementation with milk replacer and 
starter feed significantly modulates microbial commu-
nity structure and function in young ruminants, with 
lasting consequences for animal health and performance 
(Table  3). Increasing the milk replacer oligosaccharide 
content increases Bifidobacterium and Faecalibacte-
rium prausnitzii in Holstein–Friesian dairy calves [169], 
demonstrating that specific dietary components directly 
promote beneficial bacterial colonization. Butyrate-for-
tified milk replacer increases populations of Butyrivi-
brio and short-chain fatty acid production in the colon 
of Holstein–Friesian bull calves [175], establishing that 
metabolic byproducts enhance fermentation capacity 
and energy harvest efficiency. In yaks, milk replacer sup-
plementation increases Prevotella and fiber-degrading 
enzymes while decreasing Actinobacteria, improving 
rumen function, and reducing disease risk [176]. As a 
starter diet with alfalfa increases Coprococcus, Pseudobu-
tyrivibrio, and other fermentation-associated bacteria in 
yak calves, reducing intestinal inflammation and enhanc-
ing immune function [150]. These findings establish that 
early nutritional interventions during the critical milk 
replacer transition period establish the foundational 
microbial communities that support subsequent rumi-
nant development and productivity.

Forage concentrates ratio
The dietary forage-to-concentrate ratio is a critical factor 
modulating gastrointestinal microbiota in young rumi-
nants (Table  4). Substantial evidence demonstrates that 
high-fiber forages promote a fibrolytic microbial com-
munity. For instance, feeding a high-fiber diet to cows 
increased  Rumenomonas  and decreased  Megasphaera 
elsdenii  [200], whereas alfalfa hay increased the abun-
dance of fibrolytic bacteria in neonatal lambs [165]. Such 
forage-based diets also improved beneficial metabolite 
enrichment and associated metabolic pathways [194]. 
Conversely, concentrate-rich diets markedly shifted the 
microbial ecosystem towards taxa that utilize ferment-
able carbohydrates. Starter feed in pre-weaning calves 
increases the abundance of  Megasphaera,  Sharpea, 
and  Succinivibrio  [201], and solid diets amplify rumen 
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and epithelial microbiota in goats [202]. Increasing die-
tary grain from 0 to 50% in goats also changes ruminal 
microbiota composition [203]. In another study, con-
centrate supplementation significantly decreased micro-
bial diversity throughout the gut composition in young 
calves [204]. In addition, specific supplements, such as a 
concentrate mixture with butanoic acid isopropyl ester, 
decreased ruminal butyric acid while increasing ammo-
nia-producing and sulfate-reducing bacteria [36], and 
dietary protein or urea supplementation increases the 
diversity and abundance of beneficial rumen bacteria 
in lactating ewes and Hu lambs, respectively [205, 206]. 
However, protein supplementation effects are incon-
sistent: lambs fed 111.7–143.6  g/kg DM crude protein 
showed no effect on Ruminococcus albus, R. flavefaciens, 
or Fibrobacter succinogenes [207], possibly reflecting dif-
ferences in protein degradability or carbohydrate syn-
chronization. The early-life diet is a primary driver, as the 
total microbial community and its initial establishment 
in dairy calves were significantly influenced by dietary 

differences [203], with even early feed restriction affect-
ing ileal epimural microbiota development during suck-
ling [208]. Microbial variation has also been observed 
between suckled and bottle-fed lambs [91]. However, not 
all studies report significant changes; one study found no 
difference in microbial composition in cows subjected to 
varying forage-concentrate ratios [199], suggesting that 
host breed and physiological state may account for these 
discrepancies. These studies revealed that dietary modifi-
cations consistently alter the composition, structure, and 
fermentation patterns of the host microbiota [209].

Furthermore, the dietary forage-to-concentrate ratio 
exerts a powerful influence on microbial community 
composition and, by extension, on the metabolic capac-
ity of the rumen ecosystem (Table  4). High-grain diets 
increased the composition of commensal bacteria in the 
colon and enhanced the richness of Olsenella, Alloprevo-
tella, and Ruminococcus in Hu sheep [184], indicating 
that rapidly fermentable carbohydrates select for specific 
bacterial populations adapted to high-energy substrates. 

Fig. 6  The composition of the intestinal mucosal immune system. The mucus layer, the epithelial layer, and the intestinal mucosal immune system 
make up the intestinal mucosal immune system. It forms the mucus layer as the main physiological barrier, a combination of molecular signals 
of the cells of intestinal epithelium, which are mucins, antimicrobial peptides (AMPs), and IL-25, and T lymphocyte-produced cytokines and IgA 
produced by B lymphocytes, assists in protection against pathogenic infection and invasion [157]
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In contrast, sheep fed forage-based diets had greater 
overall microbial diversity than concentrate-fed animals 
in multiple breeds [186], suggesting that structural plant 
material supports a broader range of specialized fiber-
degrading microbes. Concentrate-based diets increased 
the relative abundance of Proteobacteria in beef cattle 
[195], whereas high-fiber diets enriched fibrolytic and 
cellulolytic bacteria in dairy cows [196]. These compo-
sitional shifts reflect fundamental changes in microbial 
metabolic pathways: high-concentrate diets favor rapid 
fermentation and organic acid production, while high-
forage diets support structural carbohydrate degradation 
and volatile fatty acid production. A total mixed ration 
increased rumen digestive enzyme activities, nutrient 
absorption, and microenvironment balance in calves 
[157], indicating that optimal forage-concentrate ratios 
maximize both microbial and host enzymatic capacity 
for nutrient extraction. In general, the inability to control 

confounding factors, feed particle size affects rumen pH 
and cellulolytic bacteria independent of forage type and 
individual genetic variation, means observed associations 
may reflect physical diet characteristics rather than nutri-
tional composition.

Probiotics as modulators of the gut microbiota
Probiotics are communities of microorganisms that are 
essential for improving gut microbiome health, prevent-
ing digestive disorders, and enhancing overall well-being. 
Common probiotics are primarily derived from lactic 
acid bacteria such as Bifidobacterium and Lactobacil-
lus [210]. In growing Holstein–Friesian calves, the sup-
plementation of lactobacillus-based direct-fed microbes 
improved weight, gut development, and microbial diver-
sity [100]. Nevertheless, contradictory findings across 
studies highlight substantial variability in probiotic 
efficacy. While some studies report that  Lactobacillus 

Table 3  Milk replacer and starter modulate the gut microbiota of young ruminants

MR Milk replacer, ARGS Antimicrobial resistance genes, DFM Direct-fed microbe, VFA Volatile fatty acids, DMI Dry matter intake

Species/animals Intervention/factor Microbial changes/findings Functional outcomes Reference

Yimeng black goats Milk replacer Alters gut microbiota composition; ↑ 
Lachnospiraceae, Ruminococcaceae, 
Eubacterium, ↓ Porphyromonas, Ente-
rococcus, Clostridium

Maintains stability, reduces 
pathogens, supports function

[174]

Holstein–Friesian dairy calves MR oligosaccharide content ↑ Bifidobacterium, Faecalibacterium 
prausnitzii with conjugated OS; OS 
content shapes early microbiota

Enhanced probiotic colonization, 
gut health

[169]

Holstein–Friesian bull calves Butyrate-fortified MR ↑ Butyrivibrio, Shuttleworthia, Phasco-
larctobacterium; ↑ SCFA in colon

Improved fermentation, gut 
health, and growth

[175]

Yak calves MR in yaks ↑ Prevotella, ↑ fiber-degrading 
enzymes, ↑ Bacteroidetes, ↓ Actino-
bacteria

↑ VFA, improved rumen function, 
reduced disease risk

[176]

Hu lambs MR feeding level High MR: ↑ diversity, ↓ fiber-degrading 
bacteria, ↓ starter intake

Short-term growth ↑, long-term 
rumen development ↓

[177]

Yak calves MR + probiotics ↑ Bacteroidota, Proteobacteria, 
and Ruminococcus

Rumen development, ↑ VFA, ↑ 
body weight

[168]

Yak calves Starter + alfalfa ↑ Coprococcus, Pseudobutyrivibrio, 
Flavonifractor, Synergistes, Sutterella

↓ Inflammation, ↑ immune func-
tion, ↑ fermentation

[150]

Dairy calves MR feeding frequency Once vs. twice daily: no change 
in diversity/richness, similar metabo-
lome

Flexible management, stable 
microbiota

[178]

Holstein dairy calves MR + ethoxyquin MR + ethoxyquin: ↑ Bacteroides, 
Alloprevotella, ↓ Alistipes, Ruminococ-
caceae

↑ Starter intake, antioxidative abil-
ity, and growth

[179]

Dairy × beef crossbred calves MR + Macleaya cordata Minor changes in microbiota, ↑ 
rumen papillae length, ↑ villus height, 
and crypt depth

Enhanced gut morphology 
and development

[67]

Yimeng black goats MR supplementation ↑ Verrucomicrobia, Akkermansia, Veil-
lonella, Ruminococcus; ↓ Actinobacte-
ria, Proteobacteria, Turicibacter

Improved growth, rumen micro-
biota balance

[180]

Holstein calves Sodium butyrate in MR ↑ Ruminal bacteria load, ↑ VFA, ↑ 
digestibility, improved fermentation

Enhanced microbial develop-
ment, feed efficiency

[181]

Holstein bull calves Botanical/DFM starter ↑ Lactobacillus improved gut health, 
altered DMI, and growth

↑ Growth, ↓ scours, variable 
performance

[182]
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acidophilus  supplementation improves growth and 
reduces scouring, others have found that Bacillus-based 
probiotics in milk replacer did not influence health or 
growth, starter intake, and fecal bacterial counts [211]. 
These inconsistencies demonstrate that probiotic effects 
are highly strain-specific, dose-dependent, and context-
sensitive, with no universal benefit across all scenarios 
[212]. Furthermore, the supplementation of concentrated 
kids’ diets with varying levels of probiotics showed a 
substantial increment in bacterial counts (76%) from 
10.50 × 109  CFU/mL before feeding to 18.50 × 109  CFU/
mL at the third hour after feeding [213]. Correspond-
ingly, supplementation of 20  mL Lactiplantibacillus 
plantarum TSD10 per day to Ongole cattle compared 
to the control, in the abundance of Ruminococcus albus 
rose (from 9.88 to 12.62  CFU/mL) [214]. In another 
study, the calves offered 2 × 1010  CFU/g, L. acidophilus 
(1  g/calf/d), improved the population of favorable gut 
microbiota [215]. A study in lambs indicated that the 
increase in Lactobacillus and Bifidobacterium observed 
following the supplementation of Enzimsporin™ probiot-
ics [216]. However, in similar studies, potentially harm-
ful bacteria such as Enterococcus, Escherichia coli, and 
Yeast were decreased, which maintained the good gut 
health of lambs. In a study, Lactobacillus administra-
tion also significantly affected the total bacterial com-
munity composition of pre-weaned dairy calves, such as 
Bifidobacterium and Akkermansia [217]. Similar effects 
were also observed in Boer and speckled goat breeds, 
where the administration of Lactobacillus rhamnosus 
and Enterococcus faecalis favoured the survival of ben-
eficial microbial populations in the rumen [218]. More-
over, the dietary inclusion of probiotics increased the 
relative abundances of Ruminococcus, Succiniclasticum, 
and Acidaminococcus in lambs [219]. Ewes fed Bacillus 
amyloliquefaciens H57 also had a significant effect on the 
rumen microbial community structure compared to the 
control diet [220].

The effects of probiotics on the gut microbiota of young 
ruminants are summarized in Table  5. In young rumi-
nants, probiotic interventions consistently improve intes-
tinal barrier integrity, boost immunological responses, 
and increase beneficial microbial populations, whether 
through direct-fed microorganisms or bacterial strains. 
In newborn Holstein calves, lactobacillus-based probi-
otics improved the ratio of Bacteroidota to Firmicutes 
[221], creating a more favorable microbial community 
structure linked to better metabolic health. In the jeju-
num and ileum of Chinese Holstein calves, probiotic sup-
plementation with L. reuteri and L. johnsonii enhanced 
villus height to crypt depth ratios and tight junction gene 
expression while lowering pro-inflammatory cytokines 
[223], indicating that probiotics fortify the intestinal 

mucosal barrier and foster immune tolerance. Probiot-
ics and medical plant extracts enhanced plasma anti-
oxidant activity and decreased weaning age in Holstein 
calves [225], demonstrating the synergistic benefits of 
beneficial bacteria and botanical chemicals. Red blood 
cell counts, total protein, albumin, and hematocrit con-
centrations were elevated in male Holstein calves when 
Bacillus toyonensis and Lactobacillus plantarum were 
combined [227]. This suggests that probiotic-induced 
improvements in microbiota function improve systemic 
nutrient bioavailability and blood protein status. In Hol-
stein bull calves, Saccharomyces cerevisiae boulardii 
selectively increased the populations of Bifidobacterium, 
Lactobacillus, and Faecalibacterium prausnitzii [229], 
demonstrating that specialized probiotic strains give ben-
eficial taxa an advantage over harmful bacteria. Together, 
these results demonstrate that probiotic supplementa-
tion during crucial developmental windows produces a 
cascade of advantages, including increased intestinal bar-
rier integrity, decreased inflammation, improved micro-
bial community structure, and improved systemic health 
indices.

However, previous studies on probiotics have rarely 
evaluated their persistence beyond the end of supple-
mentation. Another major challenge has been the prac-
tical use of the product, particularly its viability during 
storage, its stability when mixed into the feed, and its 
ability to survive passage through the abomasum to reach 
the target site. Additionally, microbial inoculations do 
not quantify the administered strains within the animal 
and how their abundance changes over time. Long-term 
investigations are also lacking, as such effects cannot be 
captured in short-term studies. Moreover, past studies 
have often relied on the enumeration of supplemented 
microorganisms by culture or sequencing of the 16S 
rRNA gene; however, such approaches cannot differen-
tiate between supplemented and native strains. In many 
studies, confounding variables have not been controlled, 
meaning that the observed associations might reflect the 
effects of control measures rather than the true impact of 
the probiotics. Lastly, considering these factors for future 
studies will improve the effect of different probiotic 
strains on the performance of the animal.

Summary and future perspectives
Regulation of the host microbiota in young ruminants is 
a dynamic and multilayered process governed by genet-
ics, nutrition, immunity, and management. Inherited 
host factors place the first limits on microbial coloniza-
tion, and epigenetic and metabolic feedback loops adjust 
community assembly to dietary changes. These path-
ways can be altered with early-life interventions, such as 
maternal supplementation, to provide lifelong benefits 
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in terms of efficiency and health. This early phase of the 
microbial community develops in relation to diet and 
the environment and plays a critical role in regulating 
the immune system of young ruminants. Future research 
should prioritize several specific areas. First, identifica-
tion and validation of microbial metabolite biomarkers, 
especially short-chain fatty acids tied to intestinal devel-
opment and immune maturation in young ruminants, is 
essential. Second, determining the optimal timing and 
dosage of early-life interventions is key to sustaining ben-
efits for physiology and production. Third, integrating 
host genomics with microbiome manipulation strategies 
enhances the precision and effectiveness of microbiota 
regulation approaches. Additionally, the development 
and application of strain-specific tracking methods to 
accurately quantify the abundance and persistence of 
administered probiotic strains within the host gut envi-
ronment is crucial, as current CFU-based enumeration 
underestimates the viability and species-level detection.
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