
 

~ 1131 ~ 

 
ISSN Print: 2617-4693 

ISSN Online: 2617-4707 

NAAS Rating (2026): 5.29 

IJABR 2026; 10(6): 1131-1136 

www.biochemjournal.com  

Received: 01-04-2026 

Accepted: 04-05-2026 

 

R Suresh 

Assistant Professor, 

Department of Veterinary 

Medicine, CVSc, Korutla, 

PVNRTGVU, Hyderabad, 

Telangana, India 

 

M Mahesh Babu 

M.V.Sc., Department of 

Animal Nutrition, CVSc, 

Rajendranagar, PVNRTGVU, 

Hyderabad, Telangana, India 

 

B Sravanthi 

Ph.D. Scholar, Department of 

Animal Nutrition, CVSc, 

Rajendranagar, PVNRTGVU, 

Hyderabad, Telangana, India 

 

N Nalini Kumari 

Professor, Department of 

Animal Nutrition, CVSc, 

Rajendranagar, PVNRTGVU, 

Hyderabad, Telangana, India 

 

G Vinay 

M.V.Sc. Scholar, Department 

of Animal Nutrition, CVSc, 

Rajendranagar, PVNRTGVU, 

Hyderabad, Telangana, India 

 

J Adhithya 

M.V.Sc. Scholar, Department 

of Animal Nutrition, CVSc, 

Rajendranagar, PVNRTGVU, 

Hyderabad, Telangana, India 

 

A Laxman 

M.V.Sc. Scholar, Department 

of Animal Nutrition, CVSc, 

Rajendranagar, PVNRTGVU, 

Hyderabad, Telangana, India 

 

 

 

 

 

 

 

 

Corresponding Author: 

B Sravanthi 

Ph.D. Scholar, Department of 

Animal Nutrition, CVSc, 

Rajendranagar, PVNRTGVU, 

Hyderabad, Telangana, India 

 

Comprehensive ontogeny of the rumen: Microbial 

succession, molecular regulation, and nutritional 

programming under global and tropical smallholder 

paradigms 

 
R Suresh, M Mahesh Babu, B Sravanthi, N Nalini Kumari, G Vinay, J 

Adhithya and A Laxman 
 

DOI: https://www.doi.org/10.33545/26174693.2026.v10.i6n.8841 

 
Abstract 

The developmental transition of the neonatal ruminant from a functional pseudo-monogastric state to a 

mature, multi-compartmental obligate herbivore represents a highly coordinated biological milestone. 

This transition requires synchronized adaptations across gastric histomorphology, physiological 

architecture, and microbial ecology. Early nutritional interventions dictate the velocity of this 

transition, modulating both the physical development of the ruminal wall and the metabolic 

functionality of its epimural and luminal microbiota. This review synthesizes current knowledge on the 

structural development of the forestomaches, the ecological succession of the four microbial kingdoms, 

and the underlying molecular, endocrine, and epigenetic signaling networks such as the somatotropic 

axis and volatile fatty acid (VFA)-mediated cellular cascades that govern mucosal growth. 

Furthermore, it examines the practical applications of starter processing and physically effective fiber 

(peNDF), while addressing key mathematical discrepancies in gastrointestinal tract fill calculations. 

Finally, this paper provides a targeted analysis of rumen development under tropical smallholder 

conditions, focusing on India, where climatic stress, high-lignin crop residues, and distinct breed 

genetics alter standard developmental timelines. This synthesis provides an integrated framework for 

designing nutritional interventions that optimize long-term production efficiency and health in both 

temperate and tropical production systems. 

 
Keywords: Rumen development, forestomach maturation, rumen microbiome, volatile fatty acids 

 

Introduction 

The economic and physiological sustainability of global ruminant production relies heavily 

on the management of the post-natal pre-weaning window. At birth, the young ruminant 

possesses an anatomically underdeveloped forestomach complex, functioning effectively as a 

pseudo-monogastric organism dependent on liquid milk diets digested exclusively within the 

abomasum (Diao et al., 2019) [2]. The subsequent transition to solid feed requires a profound 

physiological and anatomical reorganization. This process is driven by complex interactions 

between dietary physical forms, microbial fermentation end-products, and host tissue 

transcriptomic reprogramming (Ghaffari et al., 2025) [5]. 

Optimizing this developmental window accelerates early growth, lowers rearing costs, and 

programs the lifetime metabolic efficiency of the adult animal. Conversely, mismanagement 

during this critical period can lead to structural damage to the ruminal epithelium, systemic 

metabolic disorders, and delayed physiological maturity. 

While fundamental models of rumen ontogeny have been established in temperate, intensive 

production environments, applying these frameworks directly to tropical regions such as the 

Indian subcontinent presents unique challenges. Smallholder systems in these areas face high 

ambient temperatures, structural forage scarcities, and a heavy reliance on low-digestibility 

crop residues. 

This review provides a comprehensive analysis of the anatomical, microbiological, and 

molecular mechanisms governing rumen development. It evaluates global nutritional 

strategies and introduces targeted management interventions designed to address the 
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environmental and nutritional challenges of tropical 

production systems. 

 

Morphological and Anatomical Ontogeny of the Rumen 

Gastric Compartment Mass Dynamics 

The post-natal development of the ruminant stomach 

involves major shifts in the relative mass and volume of its 

four distinct chambers. In the newborn calf or lamb, the 

abomasum is the largest compartment, accounting for 

approximately 49% of the total gastric tissue weight, 

whereas the reticulorumen represents only 32% to 38% (Yu 

and Wu, 2026) [12]. This structural balance is highly 

temporary. 

As the animal consumes solid feed, the forestomaches 

undergo rapid growth. By 6 to 8 weeks of age, the 

reticulorumen expands to represent 61.23% to 63% of the 

total stomach mass, while the abomasum declines to roughly 

25.37%. Upon reaching physiological maturity between 12 

and 16 weeks of age, the adult profile stabilizes: the 

reticulorumen dominates at over 70% of the total stomach 

mass, the omasum constitutes approximately 18%, and the 

abomasum reduces to a secondary metabolic role at 15% 

(Yu and Wu, 2026, Li et al., 2024) [12, 8]. 

 

Histomorphology of the Rumen Wall and Epithelial 

Stratification 

The expansion of the ruminal wall requires synchronized 

development across its primary histological layers: the outer 

tunica muscularis, the highly vascularized tunica 

submucosa, and the internal tunica mucosa. The tunica 

mucosa differentiates into a specialized stratified squamous 

epithelium divided into four distinct functional strata: 

1. Stratum Basale: Positioned adjacent to the basement 

membrane, this layer is packed with active 

mitochondria. It drives continuous cellular division and 

supplies the energy needed to sustain the 

electrochemical gradients that power transmembrane 

nutrient and electrolyte transport. 

2. Stratum Spinosum: Located above the basal layer, 

these cells are heavily involved in regional short-chain 

fatty acid (SCFA) metabolism. They convert absorbed 

butyrate into beta-hydroxybutyrate (BHBA), generating 

local cellular energy. 

3. Stratum Granulosum: Characterized by tight junction 

complexes (including claudins and occludins), this layer 

forms a selective barrier that prevents the systemic 

translocation of luminal bacteria or endotoxins into 

deeper tissues. 

4. Stratum Corneum: The outermost layer, composed of 

highly keratinized, non-viable cells. This cornified 

shield protects the underlying tissue from mechanical 

abrasion by fibrous feed particles and regularly sloughs 

off into the lumen. 

 

While the tunica muscularis expands primarily in response 

to the physical volume and scratch factor of coarse forage, 

the development of the mucosal papillae is driven by 

chemical stimuli. The absorption and metabolic processing 

of volatile fatty acids (VFAs) act as the primary trigger for 

papillae elongation and vascularization. Among these, 

butyrate exerts the most potent stimulatory effect on 

epithelial mitosis, followed sequentially by propionate and 

acetate (Ghaffari et al., 2025, Diddeniya et al., 2024) [5, 3]. 

 

Microbial Colonization and Succession Dynamics 

The Prenatal Colonization Controversy 

The classic view of gastrointestinal microbiology 

maintained that the mammalian fetus remains entirely sterile 

in utero, with microbial colonization initiating exclusively 

during and after birth via exposure to the maternal vaginal 

canal, skin, and immediate environment. However, the use 

of high-throughput, next-generation sequencing and multi-

omics technologies has challenged this paradigm. Several 

studies have detected low-density, metabolically active 

microbial signatures in fetal meconium, amniotic fluid, and 

placental membranes prior to birth (Yu and Wu, 2026, Mao 

et al., 2021) [12, 9]. 

This has generated an ongoing scientific debate. Some 

researchers suggest these findings indicate a baseline 

prenatal colonization that prepares the fetal gut for post-

natal life, while others argue that these low-biomass signals 

result from external contamination by DNA reagents or 

sequencing equipment. Resolution of this debate requires 

rigorous, low-biomass isolation protocols and synchronized 

negative controls. 

 

Ecological Succession across the Four Microbial 

Kingdoms 

Post-natal colonization of the rumen lumen and epithelium 

follows a highly structured ecological succession, even 

before the animal begins consuming solid feed: 

 

1. Bacteria (50% to 80% of total microbial biomass) 

Pioneer communities establish within 20 minutes of birth, 

dominated by facultative anaerobes such as Streptococcus 

and Enterococcus spp. (Perez et al., 2024) [10]. These 

organisms consume residual oxygen within the rumen 

cavity, lowering the redox potential and establishing a 

strictly anaerobic environment. 

Once oxygen is depleted, obligate anaerobes begin to 

dominate. The microbial community undergoes a major shift 

at the phylum level, as Proteobacteria are progressively 

replaced by Bacteroidetes and Firmicutes. At the genus 

level, Bacteroides functions as a key transitional group 

before Prevotella establishes itself as the dominant genus in 

the mature rumen (Perez et al., 2024) [10]. Crucially, 

specialized cellulolytic and amylolytic strains colonize the 

ruminal fluid long before the host starts consuming solid 

feeds, ensuring the necessary enzymatic machinery is 

present ahead of dietary transitions. 

 

2. Archaea and Methanogens (0.3% to 3% of total 

population) 

Strictly anaerobic methanogens, predominantly 

Methanobrevibacter spp., appear within the first 20 minutes 

post-birth and achieve adult-like population densities within 

10 to 14 days (Diao et al., 2019) [2]. Methanogens play a 

critical biochemical role by utilizing hydrogen (H2) gas to 

reduce carbon dioxide (CO2), formate, or methyl 

compounds into methane (CH4). 

By continuously consuming free H2, methanogens maintain 

an exceptionally low partial pressure of hydrogen within the 

rumen. This low hydrogen level is thermodynamically 

required for ruminal bacteria to spontaneously oxidize 

NADH back into NAD + , preventing fermentation stasis. 

However, this methane production represents a direct loss of 

2% to 12% of the host's gross dietary energy intake. 
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3. Fungi (8% to 12% of total biomass) 

Anaerobic fungi colonize the rumen within the first week of 

life. They serve as primary colonizers of complex plant cell 

walls, using their rhizoid networks to physically penetrate 

lignified tissue. Fungi possess a specialized array of highly 

active cellulases and hemicellulases that break open tough 

fibers, making them accessible to cellulolytic bacteria. 

Fungi lack classic mitochondria and instead utilize 

specialized organelles called hydrogenosomes for metabolic 

electron transport. This process generates large quantities of 

H2, formate, and acetate. As a result, methanogenic archaea 

frequently exhibit physical ectosymbiosis, attaching directly 

to the outer surfaces of fungal structures to capture these 

substrates immediately. 

 

4. Protozoa (20% to 50% of total biomass) 

Eukaryotic protozoa establish later, typically around 2 

weeks of age, requiring direct contact with older animals or 

dams for transmission due to the lack of an environmentally 

stable spore phase. Flagellates dominate the early neonatal 

period but are systematically replaced by ciliate protozoa as 

the rumen matures. 

Protozoa engulf and ferment starch granules and plant 

fibers, stabilizing the ruminal environment by slowing down 

rapid bacterial starch degradation. They also regulate 

bacterial populations via predation, which contributes 

significantly to intra-ruminal nitrogen recycling. Complete 

removal of protozoa (defaunation) typically reduces overall 

feed digestion and animal growth metrics by approximately 

10%. 

 

Cellular, Hormonal, and Epigenetic Regulatory 

Networks 

The morphological adaptation of the rumen epithelium from 

a non-absorptive membrane into a highly active transport 

barrier is governed by a network of endocrine signals and 

intracellular signaling cascades. 

 

The Somatotropic GH/IGF-1 Axis 

Systemic regulation of mucosal tissue expansion is driven 

by the growth hormone/insulin-like growth factor axis. 

Pituitary-derived Growth Hormone (GH) binds directly to 

growth hormone receptors (GHR) distributed throughout the 

ruminal tissue (Yu & Wu, 2026) [12]. This receptor binding 

triggers the localized, autocrine/paracrine synthesis of 

Insulin-Like Growth Factor-1 (IGF-1) and upregulates its 

corresponding receptor, IGF-1R. 

The activation of IGF-1R initiates rapid mitosis and cellular 

differentiation within the stratum basale. This hormonal 

cascade is highly regulated by local Insulin-Like Growth 

Factor Binding Proteins (IGFBPs). During active rumen 

development, tissue expression of IGFBP-5 increases to 

amplify IGF-1 signaling, while the expression of IGFBP-2,-

3, and-6 decreases, removing their baseline inhibition over 

cell proliferation and suppressing apoptotic pathways (Yu & 

Wu, 2026) [12]. This shift upregulates key transmembrane 

VFA and electrolyte transporters, such as Sodium-Hydrogen 

Exchanger-2 (NHE2) and Monocarboxylate Transporter-1, 

increasing the tissue's total absorptive capacity. 

 

Key Intracellular Signaling Cascades 

Four main biochemical pathways coordinate mucosal 

growth and tissue homeostatic control: 

 

1. The VFA-Mediated RAP1A/GPR41/PPAR Pathway 

The physical absorption of acetate, propionate, and butyrate 

initiates two distinct intracellular signaling loops. First, the 

presence of these VFAs downregulates the expression of 

RAP1A, which removes its baseline inhibition on the RAS 

protein. This activates the downstream RAS/cAMP/MAPK 

cascade, triggering the transcription of genes required for 

cellular division. 

Second, VFAs act as direct extracellular ligands for the G-

protein coupled receptor GPR41. Activating GPR41 turns 

on the PI3K/AKT/mTOR signaling pathway, upregulating 

cellular translation and protein deposition. Simultaneously, 

absorbed VFAs activate Peroxisome Proliferator-Activated 

Receptors, specifically upregulating PPARA and PPARD 

post-weaning (Yu & Wu, 2026) [12]. This upregulation 

enhances mitochondrial beta-oxidation and lipid 

metabolism, allowing the tissue to meet the high energy 

demands of rapid structural growth. 

 

2. The Wnt/$\beta$-catenin Pathway 

During the introduction of starch-rich diets, amylolytic 

bacterial fermentation produces metabolites such as indole-

3-carboxaldehyde. This metabolite acts as an upstream 

signal that activates the beta-catenin signaling pathway. The 

activation of this pathway induces structural morphogenesis 

and the physical elongation of the ruminal papillae, 

expanding the available surface area for nutrient absorption. 

 

3. The Ca+2 Muscular Hypertrophy Pathway 

The ingestion of coarse, fibrous forage creates mechanical 

friction against the rumen wall, stimulating the microbial 

production of prostaglandin D2 (PGD2). PGD2 binds to 

receptors on the smooth muscle cells of the tunica 

muscularis, triggering an intracellular calcium Ca+2 influx. 

This calcium influx activates calmodulin-dependent protein 

kinases, specifically upregulating CAMK2A and CASQ1, 

which drive muscle fiber hypertrophy and enhance ruminal 

motility. 

 

4. The Hippo Pathway 

To prevent uncontrolled, malignant tissue overgrowth 

during periods of intense nutritional stimulation, the Hippo 

signaling pathway functions as a homeostatic size regulator. 

Operating through the LATS2-YAP1-BIRC5 cellular axis, 

this pathway monitors mechanical cell-to-cell contact and 

density. It supports cell proliferation during early growth 

phases but activates apoptotic checkpoints if over-

proliferation threatens the structural integrity of the tissue 

barrier (Ghaffari et al., 2025) [5]. 

 

Epigenetic Imprinting and Chromatin Remodeling 

Early nutritional inputs can induce long-term changes in 

host gene expression through epigenetic programming. 

Fermentation-derived butyrate functions naturally as a 

histone deacetylase inhibitor (HDACi). By blocking histone 

deacetylation, butyrate maintains an open, hyperacetylated 

chromatin structure (particularly at the H3K27ac locus). 

This open configuration allows transcription factors 

sustained access to promoter regions, permanently 

upregulating genes involved in VFA transport and 

ketogenesis. This epigenetic imprinting helps optimize the 

animal's long-term metabolic efficiency post-weaning. 
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Dietary Interventions and Nutritional Programming 

Liquid Versus Solid Feed Dynamics 

The neonatal ruminant relies on the esophageal 

(rumoreticular) groove reflex to survive on liquid diets. 

Environmental and physiological cues, such as the 

anticipation of nursing, stimulate vagal nerve pathways that 

cause the muscular folds of the reticular groove to invert and 

form a temporary channel. This channel directs milk or milk 

replacer past the immature reticulorumen directly into the 

abomasum for enzymatic digestion (Diao et al., 2019) [2]. 

If this reflex fails often due to poor bucket-feeding practices, 

thermal stress, or disease liquid feed can leak into the 

undeveloped rumen sac. This condition, known as "rumen 

drinking," leads to rapid bacterial fermentation of milk 

carbohydrates, causing severe ruminal and metabolic 

acidosis, mucosal inflammation, and systemic unthriftiness. 

While liquid feed bypasses the forestomach, early access to 

solid starter feed is required to stimulate rumen 

development. The introduction of dry feed provides 

mechanical friction that encourages muscular contractions 

and expands total ruminal volume. More importantly, its 

fermentation generates the VFAs required to drive mucosal 

vascularization and papillae growth. 

 

Starter Grain Processing and the Pathophysiology of 

Parakeratosis 

The physical form and processing method of calf starters 

heavily influence ruminal health. Texturized or pelleted 

feeds containing whole, rolled, or steam-flaked grains are 

superior to finely ground meals. For proper rumen 

development, calf starters should be formulated so that at 

least 75% of all dietary particles exceed 1190 µm in 

diameter (Ghaffari et al., 2025, Kang et al., 2023) [5, 7]. 

Finely ground starters are rapidly fermented by amylolytic 

bacteria, causing a drop in ruminal pH below 6.0. This 

acidic environment inhibits beneficial cellulolytic bacteria 

and promotes the growth of lactic acid producers like 

Streptococcus bovis. The resulting lactic acid accumulation 

can cause acute or subacute ruminal acidosis (SARA). 

At the tissue level, prolonged acid exposure disrupts regular 

cell differentiation within the stratified squamous 

epithelium. This leads to epithelial parakeratosis, a 

condition where the cells of the stratum corneum fail to lose 

their nuclei and form dense, non-functional cell clusters. 

These layers lose their flexibility, develop deep cracks, and 

exhibit papillae clumping. This structural breakdown 

compromises the tight junctions of the stratum granulosum, 

allowing bacteria and endotoxins to enter the portal 

circulation and cause liver abscesses and systemic 

inflammation. 

 

Forage Inclusion and Physically Effective Fiber (peNDF) 

Including low levels of high-quality forage in early diets can 

help mitigate the risks of high-starch starters. This strategy 

operates on the concept of physically effective NDF 

(peNDF>4mm). Providing between 7.5% Tifton hay and 

10% corn silage on a dry matter (DM) basis within a Total 

Mixed Ration (TMR) delivers an ideal peNDF level of 0.8% 

to 3.7% (Toledo et al., 2024) [11]. 

This physical fiber provides several benefits: 

 It creates a mechanical "scratch factor" that clears 

sloughed keratinized cells from between the mucosal 

papillae, preventing parakeratosis. 

 It stimulates rumination and increases saliva flow, 

which contains natural bicarbonate and phosphate 

buffers that stabilize ruminal pH above 6.0. 

 It reduces abnormal, non-nutritive oral behaviors, such 

as hair licking or pen chewing. 

 

However, forage levels must be carefully managed. Because 

forage has a lower energy density and a higher gut fill effect 

than grain concentrates, exceeding 15% forage inclusion can 

limit total dry matter and energy intake, which may delay 

overall body tissue growth. 

 

The Gut Fill Mathematical Correction Fallacy 

In nutrition trials evaluating calf growth, researchers often 

correct for individual gastrointestinal tract fill using 

standard equations, such as the Jahn and Chandler equation, 

to determine true empty body weight (EBW) gains. 

However, this equation was optimized using older cattle (8 

to 20 weeks of age) fed high-straw diets. 

Recent empirical slaughter data indicate that applying this 

classic 6% correction factor overestimates true tissue growth 

in younger calves (Toledo et al., 2024, Gasiorek et al., 

2020) [11, 4]. In pre-weaned and newly weaned calves, the 

actual ratio of gastrointestinal tract fills to total live body 

weight is closer to 12%. Using this updated 12% baseline 

ensures more accurate measurements of real structural tissue 

growth versus transient digesta accumulation. 

 

Environmental Stressors and Management Modalities: 

Global Perspectives and Indian Tropical Paradigms 

Climatic Stressors and Epithelial Integrity 

Extreme ambient temperatures can disrupt the physiological 

development of the rumen. In temperate regions, cold stress 

shifts energy usage toward metabolic thermogenesis, which 

can reduce the efficiency of nutrient utilization for structural 

tissue growth. Conversely, heat stress creates significant 

challenges for ruminant production globally, particularly 

during tropical summers. 

When animals suffer from severe heat stress, blood flow is 

diverted from the splanchnic bed to the periphery to assist 

with cooling. This hyperthermia-induced ischemia deprives 

the ruminal epithelium of oxygen and nutrients, leading to 

ATP depletion within the stratum basale. As a result, the 

tight junction proteins within the stratum granulosum break 

down, increasing mucosal permeability. This structural 

failure allows luminal endotoxins (lipopolysaccharides, 

LPS) to enter the bloodstream, triggering systemic 

inflammatory responses and metabolic issues. 

 

The Indian Ruminant Production Paradigm 

Applying intensive Western calf rearing models directly to 

the Indian livestock sector is difficult due to several distinct 

environmental and socio-economic factors: 

 

1. Smallholder Micro-Economics and Management 

Challenges 

Over 70% of India's milk is produced by smallholder and 

landless farmers managing small herds of 2 to 5 animals. In 

these systems, commercial texturized calf starters and high-

quality milk replacers are often economically impractical or 

unavailable. 

Calves are frequently raised using restricted maternal 

suckling protocols, which prioritizes milk for human 

consumption and commercial sale. This restriction often 
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limits early nutrient intake, delaying both general structural 

growth and the development of the forestomaches. 

Furthermore, widespread individual tethering and a lack of 

group housing eliminate the benefits of social facilitation, 

which has been shown to encourage early solid feed intake. 

 

2. Breed Genetics (Bos indicus vs. Bos taurus crossbreds) 

The Indian dairy herd consists of indigenous Zebu (Bos 

indicus) cattle, crossbred cattle (Bos taurus X Bos indicus), 

and water buffaloes (Bubalus bubalis). Indigenous Zebu 

breeds and water buffaloes exhibit unique physiological 

traits, including lower baseline maintenance energy 

requirements and higher resistance to heat stress compared 

to purebred Bos taurus animals. 

However, crossbred calves (such as Holstein-Friesian or 

Jersey crosses with Sahiwal or Kankrej) often lack these 

protective mechanisms. They are highly susceptible to the 

high Temperature-Humidity Index (THI) typical of Indian 

summers, which frequently results in depressed dry matter 

intake, altered ruminal fermentation, and delayed weaning 

maturity. 

 

3. Low-Digestibility, High-Lignin Crop Residues 

Due to competition for arable land between human food 

crops and animal forage, young ruminants in India are 

commonly transitioned onto diets based on crop residues, 

such as paddy straw (Oryza sativa) or wheat straw (Triticum 

aestivum). These straws are characterized by high 

concentrations of heavily lignified NDF and silica fractions, 

along with low crude protein levels (< 4%). 

Transitioning young animals directly onto these high-lignin 

residues presents several physiological challenges: 

 The lack of readily fermentable non-fiber carbohydrates 

(NFC) limits the production of propionate and butyrate, 

which are necessary to stimulate papillae growth. 

 The high physical fiber content fills the immature 

rumen cavity, reducing total dry matter intake through 

gut fill limitations. 

 Low dietary nitrogen restricts the growth of the newly 

establishing ruminal microbiota, delaying the 

maturation of normal fermentation kinetics. 

 

Targeted Nutritional Interventions for Indian 

Conditions 

To improve rumen development within these constraint-

driven systems, several targeted, low-cost nutritional 

strategies can be applied: 

 Complete Feed Blocks (CFB): Compacting finely 

chopped straw (e.g., wheat or paddy straw) with precise 

levels of molasses, urea, and locally available oil cakes 

(such as mustard or cotton seed cake) into high-density 

blocks provides several benefits (Haloi et al., 2021) [6]. 

The complete feed system provides a quantitative 

mixture of all dietary ingredients, blended thoroughly to 

prevent separation and selection, fed as a sole source of 

nutrients (Beigh et al., 2016) [1]. This practice stabilizes 

rumen fermentation, minimizes fermentation loss, and 

ensures more uniform load on the rumen with less 

fluctuation in the release of ammonia, which supports 

more efficient utilization of ruminal non-protein 

nitrogen (Beigh et al., 2016; Haloi et al., 2021) [1, 6]. 

 Strategic Green Forage Supplementation: 
Introducing small, controlled amounts of high-quality 

local leguminous green forages such as berseem 

(Trifolium alexandrinum), cowpea (Vigna unguiculata), 

or lucerne (Medicago sativa) at 10% of total dry matter 

intake can help balance crop-residue diets. These 

forages provide highly bioavailable protein, vitamins, 

and structural fiber that support optimal ruminal pH and 

encourage papillae growth without causing gut fill 

limitations. 

 Solid-State Fermentation (SSF) and Crop Residues: 
Pre-treating poor-quality straws with white-rot fungi 

(such as Pleurotus ostreatus) or commercial fibrolytic 

enzyme complexes can help break down complex 

lignin-cellulose bonds before feeding. This pre-

digestion increases the straw's total soluble 

carbohydrate availability, improving VFA production 

and accelerating rumen development. 

 Direct-Fed Microbials (DFM) and Prebiotics: 
Supplementing diets with live yeast cultures 

(Saccharomyces cerevisiae) or specific postbiotics can 

help improve ruminal development under high-

temperature conditions (Beigh et al., 2016) [1]. Live 

yeast consumes residual oxygen within the rumen, 

helping to maintain a low redox potential and 

supporting the growth of beneficial fiber-digesting 

bacteria (Beigh et al., 2016) [1]. This stabilization helps 

maintain consistent fermentation rates and protects 

epithelial health during periods of environmental heat 

stress. 

 

Conclusions and Future Perspectives 

The development of the ruminant forestomach is a dynamic 

biological process regulated by complex physiological, 

microbiological, and endocrine mechanisms. Transitions in 

dietary forms from liquid milk to solid feed induce a 

complete rearrangement of gastric tissue mass, modify the 

stratification of the squamous epithelium, and guide the 

ecological succession of the ruminal microbiota. These 

structural modifications are supported at the molecular level 

by the somatotropic axis and VFA-driven intracellular 

signaling cascades, which balance cell proliferation with 

tissue homeostasis. 

While intensive management strategies using precise starter 

grain processing and physically effective fiber are well 

established in temperate regions, their direct application to 

tropical smallholder systems requires careful adjustment. 

Addressing the challenges of high climatic heat stress, low-

quality crop residues, and limited resource availability 

requires targeted nutritional solutions. 

Implementing practical interventions such as complete feed 

blocks, pre-treatment of straws, and strategic 

supplementation with local green legumes can help optimize 

rumen development in these environments. Future research 

should focus on identifying the specific epigenetic 

mechanisms driven by local tropical feedstuffs, allowing for 

the design of targeted nutritional programs that improve 

lifetime performance, health, and climate resilience in 

diverse production systems. 
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