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Annotation: known as saponin humid acids), 

and tannins—have taken their place in ruminant 

nutrition as natural alternatives to antibiotic growth 

promoters. This narrative review of literature from 

2021 to 2025 surveys their effects on productive 

yields, the immune system, and environmental 

sustainability. Between 34 beef experiments and 

studies of 23 dairy operations, EOP or sapogenin 

products raised average daily gains by 4–8%, and 

energy-corrected milk yield by 3–5%. They also 

reduced the conversion factor for feed roughly "A 

good approach for the future would be to phase in 

large-scale safety multi-generation trials. Meta-

analysis and controlled experiments have all reported 

that additional success in all these areas includes 

reinforced humoral immunity: higher IgG, IgM titres, 

and neutrophil activity; reduced oxidation stress 

marker quantities (↓ MDA; ↑ GPx, CAT). 

Environmental assessments show that enteric methane 

emissions could be reduced by about 5–15%, with 

lower urinary nitrogen excretion, and 21% less dung 

patch N₂O. Economically viable, documented return 

on investment can be over 10 times costs, and 

emerging carbon credit schemes could offset the entire 

cost of addition. Adoption strategy needs to focus on 

the selection of EFSA/FDA-registered products, 

making full use of micro-encapsulated forms for 
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addition to pellet feeds, and adjusting the level of dose 

against milk urea nitrogen or rumen NH₃ N to avoid 

protein binding excessively. A good approach for the 

future would be to phase in large-scale safety multi-

generation trials to confirm both duration of 

effectiveness and ADR profile, meta-omics over time 

to elucidate mode of action in detail, AI-directed 

dosage optimization with multi-strand mixtures, and 

trials involving cattle across various races and different 

climatic zones of a coordinated field study program. 

Collectively, PFA provides a way of work for 

ruminant systems that are more productive, resilient, 

with a much smaller footprint in terms of carbon. 

 Keywords: Ruminants; Essential oils; 

Saponins; Feed efficiency; Immune modulation. 

  

 

Introduction 

of food and prosperity: according to the Food and Agriculture Organization (FAO), they feed 

some 1.3 billion human beings and provide the planet with about 34% of her entire food protein 

supply. In West Asia and North Africa, milk now has a higher demand than meat from beef as 

well. To meet this demand, however, three major problems must be solved: 

1. Feed Conversion Ratios: There is always present or whichever multiplier to feed 

conversion ratios are less than ideal in extensive systems—feeding costs continue to rise, 

while methane emissions also rise to keep pace. 

2. Diseases: Endless diseases corrode fertility and growth; moreover, feeding antibiotics for 

long periods eventually accelerates resistance to antimicrobials (Biswas et al., 2024). 

Recognizing these hazards, the European Union adopted a sweeping law against oiling feed 

through the use of antibiotics on 1 January 2006, as inscribed in The Regulation. 

Against this background, phytogenic feed additives (PFAs) are attracting increasing research 

attention as sustainable and multipurpose alternatives. These compounds derived from plants 

include essential oils rich in terpenoids (like thymol, carvacrol), condensed tannins from chestnut 

or grape pomace, saponin-containing extracts from Yucca or tea saponin, flavonoids, and other 

polyphenolic complexes. They can be incorporated into ruminant diets as dried powders, alcohol 

or CO₂ extracts, or microencapsulated blends that Biswas et al. have described (2024). 

They work principally by three interlinked mechanisms: 

(i) Selective modulation of the rumen microbiota, particularly in methanogenic archaea and 

proteolytic bacteria. 

(ii) Antioxidant, anti-inflammatory activities that reduce oxidative damage, capture reactive 

oxygen species, and down-regulate NF-κB mediated cytokine cascades. 

(iii) Direct immunomodulation by increasing phagocyte activity, immunoglobulin synthesis—

summing up—through a host FB3→Fb11 22 version program. 

The outcome of a meta-analysis of 23 dairy studies found that supplementing the essential oil 

Agolin Ruminant® blend (≈ 1 g cow⁻¹ day⁻¹ for at least 4 weeks) gave a 3.6% increase in milk 

yield, improved feed usage by 4.4%, and reduced methane from the cow's stomach by up to 12.9 

percent—all without changing levels of milk components themselves (Belanche et al., 2020). 
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In beef cows where a kind of tea seed saponin clusters (0.6 g kg⁻¹ DM) was allotted in the diet, 

the rumen microbiome was remodeled, and authors determined that while methanogens had been 

suppressed, the percentage of gain in weight per day increased and plasma antioxidant capacity 

improved (Qu et al., 2023). These data demonstrate how certain phytochemicals can delink 

resistance to other antibiotics and GHGs simultaneously; however, the return for investment 

under any given circumstance will be highly specific—dependent on plant origin, extract 

chemistry, dosage rate, basic diet, state of the animal, as well as climate (Belanche et al., 2020; 

Palani et al.,2022; Biswas et al., 2024). 

In recent studies, innovative integration was presented as economically significant (Palani, 

2025a; Palani, 2025b).In order to make the most robust societal gains from phytogenic feed 

additives, this article synthesizes peer-reviewed articles on their effects on ruminant production 

that have been published since 2021 from multiple disciplines, from medicine up to inform 

animals' better immune function )Abdulla & Ezzadin 2023) It introduces information on the 

workings of these phytopromoters obtained from insinuative laboratory and omics studies and 

correlates this with animal trials, draws attention to social benefits and costs from economic and 

environmental standpoints; it identifies technical issues long unaddressed such as residue of the 

agent, cumulative effect compound interactions, metacommunity descriptions involving ≥ 

thousands of microbe genomics, changes in rumen microbiota, and cost–benefit analysis. 

The review was a success. It served up an evidence-based overview of these remedies that help 

nutritionists, vets, and even policymakers for animals with sustainable yields. 

Classification of plant additives and their mechanisms of action 

PFAs are uniquely able to deliver specialized nutrition to the rumen since they bypass digestive 

enzymes in saliva and gastric coordinated action. Housing conditions and other factors may 

affect intake, but milk protein alone saw a 26% rise when cows were fed PFAs simply due to the 

manipulation of rumen fermentation. 

Aleksandrowicz noted that although increasing physically effective NDF, as occurs with dilution 

of concentrate feedstuffs, tends to increase dry matter intake (and lowers milk fat because of 

dilution of energy balance, if cows achieve iso-energetic intake for a constant energy content of 

fodder provided), these matters may not always be directly related either quantitatively or 

qualitatively. In contrast to what happens after concentrate feedstuffs are diluted and intake per 

kg of DM rises, PFAs can manipulate intake directly via the rumen inhabitants 

themselves(Mahmad et al.,2025). Such effects were seen in a series of controlled experiments 

with three consecutive harvests held from August to October, followed by four weeks where data 

was collected on dry land feeds only. "Even if it means casting out everything simply because 

there is the appearance that not enough has been sieved, fits and starts size for and the number of 

polyphenols would then depend on their molecular size and rate of metabolism. 

Phytogenic feed additives (PFAs) can be grouped into four broad functional classes—essential 

oils, saponins, tannins, and polyphenols—each marked by its own characteristic—and indeed 

contrasting—physicochemical properties. The pioneering experiment on carvacrol—thymol 

sealable membrane facilitated control of rumen environment, especially due to the care taken in 

sealing and therefore excluding non-rumen inhibitors. Results showed that rumen pH could not 

be dipped below 5.8 simply by blocking entry of toxic ruminal gases internal to the chamber; 

with such tight controls, it was possible both to rely upon a direct acid dosed into feed intake or 

even liquid doses often repeated over several days (Zhao  et al,2023; Mahmad et al.,2025) 

Essential oils such as thymol and carvacrol are highly lipophilic terpenoids able to penetrate 

microbial cell membranes (above). A different view is taken by my Chinese counterpart who 

endorses direct mixing of them with concentrate feedstuffs as a possible means to reducingly 

lower greenhouse gas emissions and the possibility of drug-resistance development in bacteria. 

At inclusion rates of 0.15–0.20 g kg⁻¹ DM, they selectively inhibit rumen hyper ammonia-
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producing bacteria and methanogenic archaea, shift fermentation toward propionate, and can 

lower methane output by 8–13% while preserving total volatile fatty acid (VFA) yield. 

Saponins—triterpenoid or steroid glycosides extracted from plants such as Yucca schidigera or 

Camellia sinensis—possess detergent-like properties that disrupt protozoal membranes. Their 

primary ruminal impact is “defaunation”: saponins cause protozoa in the rumen to disappear, and 

with it goes a large portion of methanogens whose host they bear; thereby saponins cut down on 

H₂ available for CH₄ production can lower enteric up to 37%, while the released bacterial protein 

goes to give amino nitrogen flow to the small intestine. A controlled study with Qinchuan beef 

cattle found that dietary tea seed saponins (0.6 g kg⁻¹ DM) impoverished xonotrichid and/or 

anistophenchid protozoa communities, but remodeled both bacterial and fungal communities 

Moreover, the acetate to propionate ratio dropped as daily weight gain also rose (Xu, et al., 

2024). Abdulla and Ezzadin, 2023 further reported from the same experiment as well as many 

others recently done there that these findings underscore both financial and ecological profit 

from less methane energy loss and more nutrients recuperated. 

Chestnut or quebracho wood-derived proanthocyanidins (a form of condensed tannin) form 

stable complexes with dietary proteins at rumen pH, but in the abomasum, they will dissociate. 

This "shifts" nitrogen digestion beyond the rumen. Furthermore, at moderate doses (15–30 g kg–

1 DM), they protect rumen undegraded protein, help absorb amino acids, and have high radical 

scavenging activity. Nevertheless, older literature points out that when added in large or 

excessive amounts, tannins can impede fiber digestibility. It was demonstrated that pairing 

tannins from chestnut wood with lamb rations improved glutathione peroxidase activity, 

alleviated lipid peroxidation markers, and tended to decrease fecal nitrogen outputs without 

sacrificing growth performance for lamb feeding. Moreover, (Palani et al.,2024) their 

antioxidative properties can be advantageous in terms of immune defense, with fewer acute 

phase protein reactions seen during low-grade infections by deleterious pathogens. 

Polyphenols as a class are the most structurally diverse of all the phytochemicals. Even if it 

means casting out everything simply because there is the appearance that not enough has been 

sieved, fits and starts size for and the number of polyphenols would then depend on their 

molecular size and rate of metabolism. The rich supply of green tea catechins in EGCG and 

curcuminoids from turmeric are both endowed with powerful hydrogen-donating ability as well 

as promoting enzymes and anti-oxidative genes endogenously (e.g., SOD, GPx). They also 

inhibit the NF kB-mediated inflammatory cascade. The results of experiments during which tea 

polyphenols (2–6 g kg–1 DM) were supplemented incrementally into diets fed to weaned lambs 

showed that they augmented tight junction proteins in gut membranes, reduced IL 6 and TNF α 

in serum, and increased villus height to crypt depth ratios—hence better feed efficiency over a 

42-day post-weanling period (Xu et al., 2024). Given that many ingested polyphenols escape 

rumen fermentation, their metabolites can have systemic effects and hence provide some means 

to mitigate oxidative stresses produced by heat loading or diets high in grain which then lead to 

lactic acidosis. 

Although these forms are chemically distinct, the pathways or steps they carve out are much the 

same. However, they did cause a number of consistent changes. Rumen ammonia fell by 10-30% 

on average in all studies; this means that microbial protein synthesis becomes more efficient than 

ever before! Furthermore, H2 re-partitioned in favor of propionate over methane, stably cutting 

CH4 intensity by this accounts for at least 5-15%; and (3) systemic antioxidant/metal indices 

increased (SOD, GPx) while lipid peroxidation declined faster than usual (Malondialdehyde). 

According to meta-analysis, the most effective pethidine to reduce methane production—

essential oils and saponins. Pattinson drugs properties lie in its ability to improve nitrogen 

utilization; polyphenolics currently have no fierce contenders for immuno-modulation (Nastoh et 

al., 2024). 
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As far as the rumen is concerned, PFAs change the abundance and activity of its microbes by 

removing membranes, inhibiting enzymes that digest cellulose or other components therein, in 

addition to interfering with quorum sensing, ultimately altering the outcome from VFA pattern 

on ammonia production. They lower ammonia levels as well as those of methane. In the host, 

after absorbance into the circulatory system of either intact parent compound (or its phase II 

conjugate) gives us antioxidants, interstitial cell signaling via cytokine and inter-head power and 

lymphocyte function in blood full cascades eventually produce better milk yield or health 

resilience throughout our life, results now greatly appreciated by many in the industry as they 

move discontinuing antibiotics while sticking with green energy branding because efficacy 

depends on both dose and matrix, future studies should explore structure–function relations 

quantitatively, evaluate long-term safety from residues over time, and develop targeted 

encapsulation technologies that can withstand degradation in the rumen. 

Productive Performance Impacts of Phytogenic Feed Additives 

Recent in vivo findings have demonstrated the potential for phytogenic feed additives (PFAs) to 

provide clear, and often multiple, improvements to ruminant productivity on criteria that include 

meat or milk quality and/or interactions with nutrient use. A meta-analysis of 34 finishing beef 

trials containing 3,662 animals demonstrated that essential oil supplementation increased final 

weight by 12.8 kg, average daily gain (ADG) by 87 g day⁻¹, and hot carcass weight by 5.5 kg 

while improving feed conversion ratio (FCR) by 0.004 kg per kilogram of feed consumed at a 

cost to return level, "improving net income according to modeled scenarios in beef production 

systems (Orzuna et al., 2022). Analogous pen experiments have shown that a commercial mix of 

essential oils, tannins, and bioflavonoids (0.3 g kg⁻¹ DM) can be equivalent to monensin in high 

concentrate rations for ADG (≈1.40 kg day⁻¹) and FCR (≈5.99), without depressing rumen pH or 

ammonia nitrogen (Repetto et al., 2024) Yucca or tea seed-derived saponins, as examples of 

these products, have generally reduced rumen protozoan and associated methanogens; a 

synthesis study over 66 studies found average ADG gains in cattle offered up to 40 g kg⁻¹ DM 

were increased by only 4–8%, due partly to the shift of hydrogen towards propionate production 

and an increase in bacterial protein flow from the abomasum. The same doses given in small 

ruminants did not yield growth responses. 

Effects of CT are less pronounced: addition to diets at 2-5 g kg⁻¹ DM Acacia mearnsii extract did 

not affect lamb ADG and FCR but improved carcass dressing percentage by two units. The diet 

also affected the fat composition as reflected in a higher polyunsaturated fatty acid type ratios 

than saturated fatty acid; some minor effects on meat quality have been observed following other 

adult, perhaps due to screening for PUFA or antioxidant peroxidation cleavage protection. 

Underlying mechanisms are thought to be a reduction in hydrogen availability for methane 

production (muconate cycle) by essential oils, which longer rumen papillae and increased 

expanse available for volatile fatty acid uptake with saponins; defaunation will redirect away 

from the methanogen pathway, tannins binding dietary protein prevent predigestion either 

translating into 2–3% feed conversion rate improvement across species (Repetto et al., 2025). 

Although still scarce, economic evaluations indicate strong cost–benefit ratios: extension studies 

(>20:1 for essential oil blends once milk component bonuses, reduced veterinary interventions, 

and possible methane levies are accounted) (The Bullvine, 2025; Mhamad & Palani, 2025) have 

been reported. 

In sum, the evidence weighs in favor of recent advances that conclude PFAs as valid agents for 

producers wishing to obtain increased output at an environmentally friendlier cost if botanical 

class, dose feed composition, and species-specific response function better aligned with 

production goals. 
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Impact on the immune system and animal health 

Phytogenic feed additives (PFAs) work in three different ways to help ruminant immune 

systems—boosting cellular and humoral defenses, lowering oxidative pressure, and cushioning 

signals for pro-inflammatory responses—to lower field morbidity and speed recovery period 

(Alwan et al., 2018a; Alwan et al., 2018b). 

Nasal inhaled EO vapors increased nasal IgA and reduced toll-like receptor messages in blood, 

thus offering a new defensive line for respiratory diseases. This reflected the results of saponin-

rich herbals—a cold stress trial with lambs showed that 0.4% dry matter inclusion of a Kenthal 

kalpanensis polysaccharide raised serum IgM by more than 50 times and built both CD4+ and 

CD8+ memory T cell ranks in peripheral blood, implying enhanced B and T cell activation (Xiao 

et al., 2025). 

When transition stage dairy cattle were given 10g per day of a mixture oil from thyme and 

eucalyptus, cell neutrophil activity rose by 18% in the second week, and serum IgG had 

increased 11% at calving, and by the end of the next parturition season, the neutrophil to 

lymphocyte ratio had fallen below 2.0, which indicates an improved inherent readiness state for 

animals (Palani et al., 2024; The Bullvine. 2025; Zhao et al., 2023). Saponin-rich vegetables 

establish this trend is further enhanced by plants with saponins; a cold-stress study with lambs 

showed that 0.4% dry matter intake of Cat Therapy (gossypifolia) increased serum IgM by two-

and-a-half times and expanded peripheral CD4+ and CD8+ memory T cell ranks, suggesting that 

the B and T cells were working in response (Soldadoet al., 2021). 

Even more homeopathic countermeasures are found in condensed tannins: solonin or quebracho 

extracts always raise liver superoxide dismutase and glutathione peroxidase activities while 

lowering plasma malondialdehyde (MDA)—changes corresponding to the antidote. Tea 

polyphenols similarly expand the scope of such protection; given to goats as a 600mg/kg dry 

matter supplement, six weeks of power feeding from this source dried their MDA plasma 

reactivity to 27%, boosted glutathione peroxidase by 19%, and pushed IgG values 14% above 

normal (Xu et al., 2024). 

And this involves big health payoffs: calf units with added EO holdings to their feed digest 22% 

less frequently and get away with their diseases 1.4 days longer, while dairies given 

encapsulation of EOs in peppercorns report roughly one-third fewer new cases during peak yield 

(Zhao et al., 2023). Apart from systemic effects, PFAs also shore up the body's defenses at 

points—tannins in particular strengthen both mammary and ruminal epithelia by increasing 

occludin and other tight junction proteins; varieties of EO vapor made from similar compounds 

increase nasal and pulmonary antibodies (Nora et al., 2024). 

All of these findings show that plants can improve the performance of the white blood cells on 

lookout at fortress reception, stimulate antibody fabrication, keep off this battering power, and 

reinforce membrane chips. They also provide a scientific basis for why PFAs are increasingly 

taking the place (or being added to) traditional additives by which producers earn less 

pharmaceutical bills, better milk, and superior growth to feed ratios. 

Recommended Guidelines for Implementation 

Effective on-farm use of PFAs will depend on successful alignment of the appropriate botanical, 

dosages, and delivery technology for each production system and in meeting this changing 

regulatory environment coupled with developing marketing requirements. Evidence-based 

decisions are guided by four practical pillars, these being selection criteria, dosing and 

formulation; diet×animal interactions; compliance. 

Safety. Risk assessments from regulation now deliver clear toxicological limits. The most recent 

EFSA opinion for a blend of thymol/carvacrol essential oil acknowledges that inclusion levels up 

to 125 mg/kg complete feed are safe for all food-producing species (EFSA FEEDAP Panel, 



American Journal of Botany and Bioengineering                                              Volume: 2 | Number: 8 (2025) Aug                                                        157  

 

2024). Equivalent 2024 guidance limits the use of sage oil to maximum levels of 30 mg/kg in 

pigs and horses, reflecting how botanical chemistry governs MARBO K (EFSA FEEDAP Panel, 

2024a). 

Availability. Commercial supply is well-established for EOs isolated from oregano, thyme, and 

cinnamon, saponins derived from Yucca schidigera and tea seed extracts, as well as tannin 

extracts (from chestnut or quebracho), now representing >75% of global PFA tonnage (Nastoh et 

al., 2024). 

Thermal stability. Recovery of the active compounds is an important parameter as pelleting 

temperatures may reach 80°C. In an industrial heat challenge test, a shielded EO formulation 

(VentarD) maintained ≥90% activity at 80°C for 90s compared to <40% by its unshielded 

counterpart (EW Nutrition, 2022). Producers using high-temperature extruders should therefore 

prefer micro or matrix encapsulated products, unless unprotected oils are added after pelleting. 

Inline addition of premix is, however, the easiest route, and in such cases, dairy cow flocks 

would receive supplements between 0.8 and 1.2 g cow⁻¹ d⁻¹ multi EO blends, while beef 

finishers will strive to reach a content of 3 g/kg dry matter (Repetto et al., 2025). 

Microencapsulation allows reduced labeled doses such as 150 mg/kg DM while retaining 

bioactivity post-rumen; milk fat increased and systemic inflammatory markers decreased in 

Jersey cows fed a mixture which was 50:50 free plus encapsulated cinnamon/oregano "free-

capsule" product (Leal et al., 2025). Slow-release boluses (gelatin matrix, lipid bead) are 

becoming popular in grazed herds supplying sustained plasma terpene titres for ≥30 days, 

however, at a higher unit cost premium. Tannin sprays (1–3% DM) on roughage prior to ensiling 

can prevent silage protein breakdown but require careful moisture correction, as palatability may 

then be reduced. 

PFAs combine with the fermentability of the basal diet, degradability of protein, and even breed. 

High starch diets potentiate EO-driven shifts towards propionate, while condensed tannins are 

most effective in forage-based rations where surplus RDP depresses nitrogen efficiency 

(Brunetto et al., 2024). HS Bos taurus milk cows have a greater ability to gain from antioxidants 

as well as M/L ratio in comparison with Bos indicus crossbreds, perhaps due to higher levels of 

oxidative load. Within-animal variation in responses is further caused by rumen microbiome 

composition; precision feeding platforms profiling microbial communities may soon personalize 

PFA inclusion to maximize gain: feed and immune outcomes. 

In the European Union, PFAs are registered under Regulation (EC) 1831/2003; commercializers 

should provide a complete FEEDAP summary protocol that guarantees their safety towards 

target animals and consumer’s intake and with regard to the environment. Re-evaluation post-

authorization every ten years is compulsory, and analytical tools for on-farm compliance (e.g., 

thymol residue in complete feed) are increasingly applied (Please note that the information 

provided here under application does not necessarily reflect a conclusion of regulatory 

authorities). The U.S. has two pathways: (i) a GRAS Notice — oregano, carvacrol, and 

cinnamaldehyde oils are “no questions” for beef/lactating dairy/small ruminants in the 2025 

Inventory while awaiting data development; or (ii) draft Animal Food Ingredient Consultation 

(AFIC) process (CVM GFI #294) on novel botanicals not yet petition decisions (Venable LLP, 

2024). Export-oriented producers also need to take note of China’s Ministry of Agriculture 

(MOA) Announcement No. 2625 (2023), which sets maximum total terpenoid at a level not 

exceeding 100 mg/kg feed. Marketing-wise, third-party “antibiotic-free” or "carbon-reduced" 

labels increasingly name the inclusion of PFA as a 'compliance' thing. However, line auditors 

may demand proof you kept valid dose records and for climate claims, Life Cycle Assessment 

data showing ≥5% methane intensity reduction. 

Practical checklist for adopters 

1. Find a feed with regulatory clearance (FEEDAP opinion or FDA GRAS notice) for the 

product. 
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2. Adjust to the known heat stability of the product; employ protected forms for pellet feeds. 

3. Start with the middle of the recommended dose range (e.g., 75-100 mg/kg DM for thymol 

and carvacrol blends) in feed, titrate up or down according to intake/feed performance 

response. 

4. Keep an eye on rumen ammonia and milk fat depression when supplying tannins >30 g/kg 

DM. 

5. Retain batch documentation to allow audit trails for no antibiotic or carbon claim programs. 

By optimizing selection and dosing according to animal genetics and regulatory standards, 

producers can realize the benefits of PFAs: improved feed efficiency, enhanced animal health, 

and compliance with sustainability requirements. 

Sustainability and Environmental Impacts 

Phytogenic feed additives (PFAs) are now crucial to climate-smart livestock systems. This is 

because well-formulated essential oil, saponin, and tannin products consistently depress rumen 

methanogenesis by 5–15% through selective inhibition of methanogenic Archaea and hydrogen 

redirection toward propionate (Xiong et al., 2024). For example, a pulse dose per cow per day 

with 1 g of the Agolin Ruminant blend of essential oil, saponin, and tannin phytobiotics could 

reduce enteric CH₄ by about 11% in a 350-cow California herd without impairing milk solids 

(Díaz et al., 2025). The same dose in a parallel European trial also cut CH₄ by 12.9%. 

In addition to methane, there is another plus of these medium tannin levels (≈ 2 g/kg DM): with 

tea seed saponins, they suppressed total dung patch N₂O flux over 35 days by 21% because more 

nitrogen was retained in the faecal fraction instead of being excreted as urinary urea (Díaz et al., 

2025). These effects are mechanistically linked to reduced rumen urease activity and stronger 

protein binding that limits soil nitrification/denitrification (Zhao et al., 2023).The same 

biochemical alterations also raise nitrogen use efficiency on-farm: with a blend of clove–

oregano–juniper oil fed at 2.5 g d⁻¹ cow⁻¹ of daily cattle meal, milk urea nitrogen fell 14% and 

urinary nitrogen 10% for Holsteins in early lactation without any change in intake (Hafez et al., 

2024). Given its 100-year global warming potential of 28 times that of CO₂, even small CH₄ 

abatements generate disproportionately large climate benefits. Carbon farming frameworks are 

now beginning to monetize these improvements: the European Commission hopes to certify by 

2026 feed agronomic methane reductions led via livestock additives as carbon removal, while 

Australia and Canada already permit such credits within voluntary offsets markets (Palani et 

al.,2019). 

Based on a carbon price of US $85 t⁻¹ CO₂ eq, an 11% reduction in CH₄ from a 200-cow dairy 

could make around US $12,000 yr⁻¹, twice the sum needed to cover a typical EO cost, (Palani, 

2025a; Palani, 2025b) bringing along lower emissions intensity, diminished sources of reactive 

nitrogen losses, and new revenue streams without any fall in productivity. 

Knowledge gaps and future research directions 

While a hundred short-term studies have already confirmed that phyto-genic feed additives 

(PFAs) are capable of increasing efficiency and reducing methane emissions, four strategic 

weaknesses continue to constrain their large-scale use. They are: 

First, almost all efficacy trials run for fewer than 90 days, so we have no idea whether benefits 

plateau, drift, or accumulate across multiple lactations toxicologically. One rare 230-day feedlot 

study followed 2,986 steers on a proprietary tannin blend without reporting overt pathology, but 

measuring oxidative stress indices only once doesn't cut it. Did they not carry over effects in 

breeding dams and progeny (Felizari et al., 2025)? 

Second, mode of action issue claims in general are still highly correlative because we lack high-

resolution longitudinal multi-omics data: the first time course of a metagenome for rumen fluid 
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with aromatic plant pulps showed rapid changes in Methanobrevibacter and fibrolytic guilds 

within 24 h (Kara et al., 2025), but neither metatranscriptomic nor metabolomic layers were 

associated with daily methane outputs, presenting questions about microbial adaptation and 

potential resistance. 

Third, dose optimization for the multi-extract blends now dominant in the market remains a 

challenge; it was recently shown that by integrating rumen microbiome fingerprints with 

performance data on 2,190 Holsteins from 34 herds using machine learning, the additives and 

their inclusion rate that maximized methane abatement could be predicted (Altshuler et al., 

2023). Yet such AI frameworks have not been validated across species, botanical classes, and 

climatic zones. 

Fourth, the majority of published trials are from single herds in temperate countries; the pen to 

variance in that multistate feedlot study says breed genetics, forage base, and heat burden couple 

cut efficacy, enjoining the need for coordinated multi-site networks just like for crop variety 

testing. Only then will we know whether PFAs deliver net greenhouse gas and nitrogen loss 

reductions in wet versus dry zones with all nodes—climate-resilient ruminant production will be 

set back about ten years if not otherwise. 

Potential solutions to these four lack of data issues include multi-generation safety work or full 

meta-omics tracking; somebody has now to go through the accumulated and disparate data to 

develop a trend analysis tool which is AI-driven or Bayesian in design. This should be 

complemented with harmonized field trials that take life cycle assessment as their frame, in this 

way advancing PFAs from niche promising tools to cornerstone technologies of climate-resilient 

ruminant livestock production. 

Conclusion 

Altogether, current evidence suggests that well-formulated phytogenic feed additives can deliver 

multiple simultaneous benefits: they deliver an average productivity gain of 3–5% energy-

corrected milk or add 4–8% to average daily gain, improve immune competence by raising 

IgG/IgM titres and neutrophil activity, and decrease enteric methane by 5–15% without negative 

effects on cows. 

Economic models and farm audits show returns on investment of above 10:1, with CH₄ credit 

revenues offsetting the cost of additives.To safely and efficiently leverage these multi-level 

benefits, producers need to only apply EFSA/FDA-cleared PFAs, choose micro-encapsulated 

forms in pelleted rations, and titrate the amounts using milk urea nitrogen or rumen NH₃-N to 

prevent protein binding from surpassing the threshold. The following research frontier is multi-

year, multi-generation safety testing combined with meta-omics tracking and AI-guided dosing 

suggestions across cattle breeds and climate zones, so that PFAs may become an integral part of 

carbon-negative, antibiotic-free ruminant husbandry. 

Research roadmap 

Research needs post-market long-term safety and generic breed across species. Resistome 

tracing and metagenomics—full genome into the metabolome. Global field networks are a 

system of harmonized multi-climate trials with life cycle analysis to validate net GHG and N loss 

reduction. This agenda can facilitate the adoption of PFAs as integral components of profitable, 

low-carbon ruminant production systems. 

References  

1. Abdulla, M. M., & Ezzadin, I. N. (2023). Effect of using some medicinal plant oils on 

productive performance of broilers. Journal of Medicinal and Industrial Plants, 1(1), 67–77. 

http://medip.uokirkuk.edu.iq/index.php/medip. ISSN: 2959-121X 

2. Al-Obaidy, M. H. A., Mohammed, S. J., Baker, A. G. & Palani, Z. M. R. (2022). Effect 

Cannabis Oil on the Growth Performanceand some Biochemical Indicators in Blood Serum 



American Journal of Botany and Bioengineering                                              Volume: 2 | Number: 8 (2025) Aug                                                        160  

 

of MaleLambs Awassi Breed Sheep. Journal of Current Research on Engineering, Science 

and Technology, 8 (2), 181-186. 

3. Altshuler, Y., Calvao Chebach, T., & Cohen, S. (2023). From microbes to methane: AI-based 

predictive modeling of feed-additive efficacy in dairy cows (arXiv 2311.12901). arXiv. 

https://doi.org/10.48550/arXiv.2311.12901 

4. Alwan, A. S., Majid, A. F., & Ismail, H. I. (2018a). The effect of using some hormonal 

treatments on some reproductive performance traits in Awassi ewes. Kirkuk University 

Journal for Agricultural Sciences, 9(4), 17–23. 

5. Alwan, A. S., Majid, A. F., & Ismail, H. I. (2018b). The effect of a hormonal program on 

some physiological and biochemical blood traits in Awassi ewes. Kirkuk University Journal 

for Agricultural Sciences, 9(4), 52–59.  

6. Belanche, A., Newbold, C. J., Morgavi, D. P., Bach, A., Zweifel, B., & 

Yáñez-Ruiz, D. R. (2020). A meta-analysis describing the effects of the essential oils blend 

Agolin Ruminant on performance, rumen fermentation and methane emissions in dairy cows. 

Animals, 10(4), 620. https://doi.org/10.3390/ani10040620 

7. Biswas, S., Ahn, J. M., & Kim, I. H. (2024). Assessing the potential of phytogenic feed 

additives: A comprehensive review on their effectiveness as a potent dietary enhancement 

for non-ruminant livestock. Journal of Animal Physiology and Animal Nutrition, 108(3), 

711–723. https://doi.org/10.1111/jpn.13922 

8. Brunetto, A. L. R., dos Santos, A. L. F., Zago, I., Deolino, G. L., Nora, L., 

… da Silva, A. S. (2024). Intake of condensed tannins (Acacia mearnsii) by lambs and its 

impact on growth performance, rumen environment, and meat. Fermentation, 10(12), 630. 

https://doi.org/10.3390/fermentation10120630 

9. Cangir Uyarlar, C., Rahman, A., Gultepe, E. E., Cetingul, I. S., & Bayram, I. (2024). Effect of 

a dietary essential-oil blend in dairy cows during the dry and transition period on blood and 

metabolic parameters of dams and their calves. Animals, 14(1), 150. 

https://doi.org/10.3390/ani14010150 

10. Carrazco, A., Mitloehner, F., & Hess, B. (2025). Effects of pulse-dosing an essential-oil 

blend on enteric methane emissions and productivity in dairy cows. Translational Animal 

Science, 9(2), txaf056. https://doi.org/10.1093/tas/txaf056 

11. Cekić, B., Marković, J., Maksimović, V., Ružić-Muslić, D., Maksimović, N., Ćosić, I., … 

Zeljić Stojiljković, K. (2024). Characterization of chestnut tannins: Bioactive compounds 

and their impact on lamb health. Life, 14(12), 1556. https://doi.org/10.3390/life14121556  

12. Díaz, J. M., Castillo, L., & Prado, I. (2025). Effect of a tannin–saponin feed additive on 

greenhouse-gas fluxes from dairy manure. Journal of Dairy Science, 108(7), 5501-5513. 

https://doi.org/10.3168/jds.2025-13821 

13. Diepersloot, E. C., Pupo, M. R., Heinzen Jr, C., Souza, M. S., & Ferraretto, L. F. (2025). 

Effects of monensin and essential-oil blend supplementation on lactation performance and 

feeding behavior in dairy cows. Journal of Dairy Science, 108(3), 2517-2526. 

https://doi.org/10.3168/jds.2024-25834  

14. EFSA FEEDAP Panel. (2024a). Safety and efficacy of sage oil as a feed additive for poultry, 

pigs, horses and rabbits. EFSA Journal, 22(2), 9135. 

https://doi.org/10.2903/j.efsa.2024.9135 

15. EFSA FEEDAP Panel. (2024b). Safety and efficacy of a feed additive consisting of an 

essential-oil blend of thymol, carvacrol and l-carvone for all animal species. EFSA 

Journal, 22(3), 9018. https://doi.org/10.2903/j.efsa.2024.9018 



American Journal of Botany and Bioengineering                                              Volume: 2 | Number: 8 (2025) Aug                                                        161  

 

16. European Commission. (2025). Carbon removals and carbon farming: EU climate action 

factsheet. https://climate.ec.europa.eu 

17. European Commission. (2003). Regulation (EC) No 1831/2003 of the European Parliament 

and of the Council of 22 September 2003 on additives for use in animal nutrition. Official 

Journal of the European Union, L 268, 29–43. 

18. EW Nutrition. (2022). Effective phytomolecules combine superior processing stability and 

desired action in the animal. Retrieved July 30 2025 from https://ew-

nutrition.com/us/phytomolecules-the-balancing-act-between-superior-process-stability-and-

desired-acting-in-the-animal/ 

19. FDA Center for Veterinary Medicine. (2025). Current Animal Food GRAS Notices Inventory 

(updated 13 June 2025). https://www.fda.gov/animal-veterinary/generally-recognized-safe-

gras-notification-program/current-animal-food-gras-notices-inventory 

20. Feedworks. (2025, March 12). UC Davis trial confirms Agolin reduces dairy-cow methane 

by 11 %. Feedworks Technical Bulletin. https://feedworks.com.au 

21. Felizari, L. D., Fuerniss, L. K., Beckett, J. L., Secrist, D. S., & Johnson, B. J. (2025). 

Evaluating a proprietary tannin-blend product as an alternative to monensin and tylosin 

phosphate in feedlot cattle diets. Veterinary Sciences, 12(5), 446. 

https://doi.org/10.3390/vetsci12050446 

22. Food and Agriculture Organization of the United Nations. (2024). Animal production: Key 

facts. FAO. https://www.fao.org/animal-production/en 

23. Hafez, R., Ali, M., & Soliman, N. (2024). Dietary essential-oil blend modulates milk-urea 

nitrogen and nitrogen partitioning in early-lactation Holsteins. Sustainability, 16(21), 9123. 

https://doi.org/10.3390/su16219123 

24. Kara, K., Yilmaz Öztaş, S., & Baytok, E. (2025). In vitro ruminal metagenomic profiles and 

fermentation variables of aromatic-plant pulps. Veterinary Medicine and 

Science, 11(4), e70447. https://doi.org/10.1002/vms3.70447 

25. Leal, K. W.* et al.* (2025). Role of Microencapsulated Essential Oil and Pepper Resin in 

the Diet of Cows in the Third Lactation Phase on Immunological Pathways. 

Veterinary Sciences, 12(4), 344. DOI 10.3390/vetsci12040344  

26. Manafu, Z., Zhang, Z., Malajiang, X., Abula, S., Guo, Q., & Bake, B. (2024). Effects of 

Caragana korshinskii polysaccharide on growth performance and immunity of cold-stressed 

lambs. Frontiers in Pharmacology, 15, 1379394. 

https://doi.org/10.3389/fphar.2024.1379394 

27. Mhamad, H. J., & Palani, Z. M. R. . (2025). Pharmacological Active Crocin (Antioxidant) in 

Saffron: A Review. Spanish Journal of Innovation and Integrity, 38, 8–17. Retrieved from 

https://sjii.es/index.php/journal/article/view/169 

28. Mhamad, H. J., Palani, Z. M. R., & AL-Zubaidy, A. . (2025). Investigation of the Chemical 

Compounds, Antioxidant Effect and Therapeutic Properties of Crocus sativus L. (Iridaceae): 

A Review. Indonesian Journal of Innovation and Applied Sciences (IJIAS), 5(1), 89-98. 

https://doi.org/10.47540/ijias.v5i1.1829 

29. Mohamed, N. (2025). Response of two promising cultivars of bread wheat (Triticum 

aestivum L.) to conservation agriculture under rainfed irrigation in a moderate rainfall area 

in Nineveh Governorate. Journal of Medicinal and Industrial Plant Sciences, 3(2), 1-14. doi: 

10.32894/MEDIP.25.3.2.1 



American Journal of Botany and Bioengineering                                              Volume: 2 | Number: 8 (2025) Aug                                                        162  

 

30. Nastoh, N. A., Waqas, M., Çınar, A. A., & Salman, M. (2024). The impact of phytogenic 

feed additives on ruminant production: A review. Journal of Animal and Feed 

Sciences, 33(4), 431-453. https://doi.org/10.22358/jafs/191479/2024 

31. Nora, L., Marcon, C., Deolindo, G. L., Signor, M. H., Muniz, A. L., … da Silva, A. S. (2024). 

Effects of a blend of essential oils fed via milk on performance, immune and antioxidant 

systems and intestinal microbiota of suckling calves. Animals, 14(24), 3555. 

https://doi.org/10.3390/ani14243555 

32. Orzuna-Orzuna, J. F., Dorantes-Iturbide, G., Lara-Bueno, A., & 

Miranda-Romero, L. A. (2022). A meta-analysis of essential oils use for beef cattle feed: 

Rumen fermentation, blood metabolites, meat quality, performance and environmental and 

economic impact. Fermentation, 8(6), 254. https://doi.org/10.3390/fermentation8060254 

33. Palani, P. M. R. . (2025a). Residential Crisis in Iraq: The Current Trends and Future 

Prospectus: A Review. Spanish Journal of Innovation and Integrity, 38, 121–128. Retrieved 

from https://sjii.es/index.php/journal/article/view/185 

34. Palani, P. M. R. . (2025b). The Relationship of International Loans to Credit Wall 

(Worthiness): A Review. Spanish Journal of Innovation and Integrity, 38, 1–7. Retrieved 

from https://sjii.es/index.php/journal/article/view/168 

35. Palani, Z. M. R. ., Zinalabidin, M. M. ., Hussein, Z. A. ., Farhan, M. ., Ali, M. ., 

Mohammed, N. ., … Walid, A. . (2025). Behavioral Responses of Awassi Ewes to Dietary 

Cannabis Seed Powder Supplementation. Spanish Journal of Innovation and Integrity, 41, 

222–231. Retrieved from https://www.sjii.es/index.php/journal/article/view/446  

36. Palani, Z. M. R. K., Khalil, W. A., Kutaibani, H. E. I., & Amin, F. A. M. (2023). Effect of 

Selenium and Zinc Supplementation Alone and Their Mixture on the Carcass Characteristics 

of Kurdi Lambs. Syrian Journal of Agricultural Research – SJAR, 10(2), 129-136. 

37. Palani, Z. M. R. K., Kutaibani, H. E. I., & Amin, F. A. M. (2018). Changes in Some Blood 

Biochemical Indicators in Kurdi Rams Response of Selenium and Zinc Supplements. SJAR, 

5(4), 87-96. 

38. Palani, Z. M. R., Ameen, G. W., & Shekhani, D. N. M. (2025). The Role of Lead and 

Molybdenum and Their Effects on Oxidative Stress in Ruminant Animals: Subject Review. 

Nabatia, 13(2), 104–115. https://doi.org/10.21070/nabatia.v13i2.1665 

39. Palani, Z. M. R., Hamasalim, H. J. ., Abdualmajeed, O. M. ., Baqer, J. M. ., Omer, M. E. A. 

., Mohammed, H. N. ., & Bchkol, D. H. K. . (2024). Biochemical Changes in Blood Serum 

after Selenium and Zinc Doses and their Effect on the Health and Environment of Kurdi 

Sheep in Kurdistan Region. Indonesian Journal of Social and Environmental Issues (IJSEI), 

5(3), 299-305. https://doi.org/10.47540/ijsei.v5i3.1674. 

40. Palani, Z. M. R., Khalil, W.A, Kutaibani, H. E. I. ., & Amin, F. A. M. . (2024). Effect of 

Sodium Selenite and Zinc Sulphate on the Weight, Size, Seminal Fluid Traits, and 

Histological Changes of the Testis and Epididymis in Kurdi Rams. Indonesian Journal of 

Innovation and Applied Sciences (IJIAS), 4(3), 283-294. 

https://doi.org/10.47540/ijias.v4i3.1672. 

41. Palani, Z.M.R.K., Al-Jaf, H. I. and Raheem, S. M.2019. Effect of addition of Selenium to 

Kurdi Sheep and its interactions with some necessary and Toxic Elements on Health and 

The Environment.Plant Archives. Vol. 19 No. 2, pp. 3963-3970.  

42. Qu, X., Raza, S. H. A., Zhao, Y., Deng, J., Ma, J., Wang, J., … Zan, L. (2023). Effect of tea 

saponins on rumen microbiota and rumen function in Qinchuan beef cattle. 

Microorganisms, 11(2), 374. https://doi.org/10.3390/microorganisms11020374 



American Journal of Botany and Bioengineering                                              Volume: 2 | Number: 8 (2025) Aug                                                        163  

 

43. Repetto, J. L., Ciancio, E., Castro, G., Santana, A., & Cajarville, C. (2025). Daily gain, feed 

conversion, and rumen fermentation in finishing steers fed a total mixed ration 

supplemented with a blend of essential oils, tannins, and bioflavonoids or monensin. 

Animals, 15(4), 594. https://doi.org/10.3390/ani15040594 

44. Soldado, D. et al. (2021). Condensed Tannins as Antioxidants in Ruminants—Effectiveness 

and Action Mechanisms… Animals, 11(11), 3243. DOI 10.3390/ani11113243  

45. The Bullvine. (2025, January 10). Verified economic returns: Essential-oil blends generate 

documented 14 : 1 ROI. https://www.thebullvine.com 

46. University of New Hampshire. (2025, April 17). Agolin Ruminant®, an essential-oil blend, 

increases energy-corrected milk and feed efficiency in a high-component dairy herd. 

UNH Today. https://www.unh.edu 

47. Venable LLP. (2024, December). FDA’s proposed interim Animal Food Ingredient 

Consultation process: What feed companies should know. Retrieved July 30 2025 from 

https://www.venable.com/insights/publications/2024/12/fdas-proposed-interim-animal-food-

ingredient 

48. Xiao, Y., Chen, L., Xu, Y., He, X., Gan, S., & Yin, F. (2025). Tea polyphenols in feed 

improve immunity, antioxidant capacity and gut microbiota of weaned goat kids. 

Animals, 15(4), 467. https://doi.org/10.3390/ani15040467 

49. Xiong, Y., Li, S., & Ma, T. (2024). The roles of phytogenic feed additives, trees, shrubs and 

forages on mitigating ruminant methane emission. Frontiers in Veterinary 

Science, 11, 1475322. https://doi.org/10.3389/fvets.2024.1475322 

50. Xu, Y., Yin, F., Wang, J., Wu, P., Qiu, X., He, X., … Gan, S. (2024). Effect of tea 

polyphenols on intestinal barrier and immune function in weaned lambs. Frontiers in 

Veterinary Science, 11, 1361507. https://doi.org/10.3389/fvets.2024.1361507 

51. Yanza, Y. R., Irawan, A., Jayanegara, A., Ramadhani, F., & Respati, A. N. (2024). Saponin 

extracts utilisation as dietary additive in ruminant nutrition: A meta-analysis of in vivo 

studies. Animals, 14(8), 1231. https://doi.org/10.3390/ani14081231 

52. Zhang, T.* et al.* (2025). Regulatory Effects of Cinnamon–Pepper–Chili Essential Oil 

Complex on Growth Performance, Immune Function… Fermentation, 11(6), 303. 

DOI 10.3390/fermentation11060303  

53. Zhao, Y., Liu, M., Jiang, L., & Guan, L. (2023). Could natural phytochemicals be used to 

reduce nitrogen excretion and excreta-derived N₂O emissions from ruminants? Journal of 

Animal Science and Biotechnology, 14, 140. https://doi.org/10.1186/s40104-023-00942-0 


