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A B S T R A C T

Irrational usage of antibiotic feed additives in livestock industry, especially as growth promoters,
has become a global challenge due to the unintended zoonotic impact through resistance transfer.
Herbal plant extracts or their secondary metabolites with antimicrobial properties may possess
similar effects of various antibiotic feed additives in impeding the pathogenic microbial growth
and enhancing the health, growth, and production performance. Majority of the calf-plant extract
associated research works were primarily geared towards phenolic compounds and essential oils,
with a few related to terpenes, saponins, tannins, flavonoids, organic acids, complex carbohy-
drates, and non-protein amino acids. The plant secondary metabolites possess diverse anti-
microbial mechanisms, including cell membrane disruption, enzyme inhibition, substrate de-
privation, and prevention of bacterial colonization, to name a few. Further, the unification of
different levels and types of plant metabolites before supplementing to calves renders synergistic
effects, which aids in several beneficial responses such as increased bioavailability, improved
efficiency, and reduced undesirable effects and effective dosage. Nevertheless, the employment of
herbal extracts or plant metabolites as antimicrobial feed additives to calves retain many chal-
lenges regarding the dosages, levels, adaptation lengths, herbal or herb-drug interactions, ana-
lytical methods, and public health safety. The present review focuses on assembling existing data
on the plant-based antimicrobial components, individual secondary plant metabolites or plant
extracts, which are already in use or having the efficacy in benefitting calves on supplementation.
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1. Introduction

Calfhood diseases trigger a significant impact on the frugality of cattle farming activities because of direct losses apart from the
long-term effects on the performance (Lorenz et al., 2011). In this regard, calf health could be highlighted as one of the most
significant livestock health issues being faced by livestock farmers. Calf mortality is a global challenge that needs to be addressed for
sustainable livestock farming. Of the 5% mortality rate in pre-weaned calves, 56% is attributed to digestive problems and scours with
remaining caused by respiratory problems (USDA, 2016). The relevant policymakers are involved with implications in preventing the
calfhood diseases by supplementing the antimicrobial compounds through diet. Antibiotics have been used at sub-therapeutic levels
to encourage the growth and minimize the morbidity and mortality throughout the animals’ life cycle. Employing antibiotics as feed
additives could be traced back to 1950’s (Kertz et al., 2017). However, prolonged application of antibiotic feed additives in livestock
sector could cause the continuous adaptation of microbes to the antibiotics, thus generating resistance against antimicrobial agents
(Schwarz et al., 2017). Resistance to indispensable antibiotics such as broad-spectrum beta-lactams, aminoglycosides, carbapenems,
and fluoroquinolones, is of increasing magnitude among zoonotic pathogens (Zhang et al., 2018). Apropos of the antimicrobial
resistance phenomenon, the antibiotic supplementation is worth reevaluating; hence, its usage has been banned in the European
Union since January 2006 (Directive 1831/2003/CEE, European Commission, 2003). In this theme, the perspectives in calf nutrition
towards antibiotic feed additives have been changing with a shift to the encouraged use of plant secondary metabolites (PSMs) or
natural herbal extracts.

Plant secondary metabolites are an exceedingly large group of compounds with small molecular weights, which are meant for
protective purposes against insects, microbes, and herbivores, in addition, to adapt to adverse environmental conditions. In nature,
these PSM’s play important roles as antibacterials, antifungals, antivirals, herbicides, and insecticides (Miguel, 2010); among them,
antibacterial activity is one of the greatest notable contributing features for animal agriculture. Plant secondary metabolites are
usually considered as anti-nutritional factors for calves and monogastric species. Nevertheless, few investigations have revealed that
some of them would beneficially affect the host metabolism and performance when used at appropriate levels. The global herbal
products market size has been continuously growing and predicted to reach $111 billion by the end of 2023, with a compound annual
growth rate of ∼ 7.2% during 2017-2023 (Elghandour et al., 2018). This abrupt hike in herbal market could be taken as a shred of
evidence for increasing consumer preference towards plant secondary metabolites as feed additives. The implications pertaining to
herbal research in adult ruminants could not be adopted for calves, as younger calves, especially those fed on milk replacer, behave as
monogastric species due to the presence of an incompletely formed or non-functional rumen with a well-developed abomasum. As an
example, the ionophore antibiotics may show less beneficial effects in young calves compared to adult ruminant species, presumably
because of the low microbial population in undeveloped rumen (Akbarian-Tefaghi et al., 2018). Besides the antimicrobial benefits,
supplementation of plant extracts or secondary metabolites may deliver flavor to poor quality or low appetence calf starters, which
might further enhance the ingesting competence and growth performance (Montoro et al., 2011). Furthermore, few phytonutrients
can exert a prebiotic effect in post-weaning calves by escaping the rumen microbial degradation and reaching the small intestine in
biologically active form (Wolfswinkel, 2016). The purpose of this review paper is to synthesize an elaborative summary of the
published calf-PSM related peer-reviewed papers and discuss their modes of action, different synergic mechanisms, and challenges in
dietary supplementation to calves.

2. Plant secondary metabolites as feed additives in calves

Many research works were conducted in relation to the performance-enhancing effects of plant-based antimicrobials for various
livestock species and many more have been reviewed for pigs (Liu et al., 2018), poultry (Venkitanarayanan et al., 2013) and other
adult livestock species (Mendel et al., 2017); nevertheless, the lowest precedence was given to calves. Since PSMs have been ade-
quately discussed in all species other than calves, the focus of this review will be on the appraisal of PSMs in calves alone. The host-
beneficial effects of various PSMs may be mainly contributed by their antimicrobial action. Therefore, a thorough understanding of
all the mechanisms of action of different PSMs is necessary to obtain effective outcomes in terms of growth performance, feed
efficiency (FE), and welfare of the calves. The principal mechanisms for the antimicrobial action of various PSMs are depicted in
Fig. 1. In an elegant review, Cowan et al. (1999) surveyed numerous plants, their secondary metabolites, and susceptible microbes
along with their relative toxicity levels; nevertheless, not all of the plants possess the ability to use as feed additives in calves. As per
the convenience, the potentiality of various PSMs as feed additives for calves was discussed on an individual basis according to the
classification given by Wink (2015).

3. Nitrogen-free secondary metabolites

3.1. Terpenes

Terpenes are a large and diverse class of organic compounds, which can be partitioned into monoterpenes, sesquiterpenes,
diterpenes, triterpenes, tetraterpenes, and polyterpenes. They are the primary constituents of the essential oils and saponins. Terpenes
show lethal or cytotoxic activity against a broad range of microbes, fungi, and even for enveloped viruses. They increase the per-
meability and fluidity of the membranes, further causing an efflux of metabolites and ions and ultimately leading to cell leakage and
microbial death (Wink, 2007). The research concerning the usage of terpene compounds in calves and their results are presented in
Table 1.
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3.1.1. Monoterpenes, sesquiterpenes, and diterpenes
Terpene-based essential oils, generally used as natural insect repellants, perfumes, phytomedicines, and aroma-therapeutic

agents, are globally accepted antimicrobial feed additives. These essential oils are more commonly used as taste enhancers or
therapeutic agents or aromatherapeutic means rather than feed additives (Wink, 2015).

Though not used as a feed additive, thujone (present in Tanacetum vulgare and Artemisia absinthium), a monoterpene component is
commonly used for deworming in calves because of its ability to alkylate few proteins of neuronal signal transduction (Waller et al.,
2001). Further, the plants containing iridoid glucosides, a subclass of monoterpenes, are generally promoted in Ayurvedic medicine
to treat various infections. Because of the appetite-stimulating property of iridoid glucosides of Menyanthaceae and Gentianaceae
families, they may present a promising role in enhancing calves’ dry matter intake (DMI) and growth performance, when supple-
mented as a feed additive (Mirzaee et al., 2017). Even though the sesquiterpenes and diterpenes possess potent antibacterial activity,
their usage as a feed supplement is not suggested because of the lethal effects on host (Wink, 2015).

3.1.2. Triterpenes, steroidal glycosides, and saponins
During recent years, several plant-based hormonally active substances have been promoted for usage in calves under different

trade names. They comprise few triterpenes and steroids, which show physical resemblance with hormones; therefore, modulating
the hormonal responses in animals. Phytoecdysteroids were proved to possess an inhibitory effect on calf’s skin collagenase enzyme,
which is involved in aging skin diseases (Nsimba et al., 2008). Further, a detectable quantity of 17-α boldenone component (an-
drogenic steroid) was found in urine samples collected from the veal calves fed an herbal supplemented diet containing phytosterols
at 79 or 87.4 mg/100 g (Draisci et al., 2007). The boldenone components possess potent anabolic properties and are extensively used
as a supplement for animals’ growth and body weight gain (BWG; Cannizzo et al., 2007); however, their usage is prohibited in any
livestock species under directives 96/22/EC (CEC, 1996) and 03/74/EC (CEC, 2003) for consumers’ health concern. More research
has to be conducted on testing the competence of phytosterol rich compounds as alternatives for banned anabolic steroids such as

Fig. 1. Mechanisms of Antimicrobial action of various calf-based plant secondary metabolite feed additives.
*Image compiled by using the data from Arabski et al. (2012); Cowan (1999); Dulebohn et al. (2011), Jacob et al. (2008), Krachler and Orth (2013),
Luciano et al. (2008); Mitra et al. (2018); Muller et al. (2016); Obiang-Obounou et al. (2011); Vigant et al. (2015); Wang et al. (2016); Xie et al.
(2015).
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Table 1
Plant extracts, active components, effect, and calves research of terpene compounds.

Class Reference Type of PSM, dosage and period fed Findings of the Research work

Essential oils Ahmed et al. (2009) Herbal mix (garlic, lemonade, and anion juices
mixed at 1:0.125:1/liter water) fed at 2.5 g, 5 g,
and 7.5 g/Kg diet for 140 days.

Improved nutrient utilization, growth
rate, and economical efficiency at 2.5%
of the diet.
Decreased growth rate equal to that of
control at 5% and 7.5% of the diet.

Essential oils Akbarian-Tefaghi et al.
(2018)

A mixture of thyme, celery, and eucalyptus fed at
23 g/kg DM for a period of 70 days.

Improved FE and BWG. Increased
molar proportions of acetate and
butyrate.

Essential oils Bampidis et al. (2006) Calves fed with neomycin or oregano essential
oil at 10mg/kg BW/calf for 37 days.

Fecal score and mortality rates were
equal to that of Neomycin.

Essential oils Mario-Benedeti et al.
(2017)

A mixture of Thymol, guaiacol, eugenol, vanilin,
salicylaldehyde and limonene fed at 300mg/kg
diet for 75 days.

No effect on BWG and FE during pre-
weaning period. Improved FE, reduced
fecal score during post-weaning period.

Essential oils Bittner (2016) Next enhance (NE) - 300 (contains
cinnamaldehyde, garlic, and mineral oil).
Trial I – NE-300 at 300mg/steer/d.
Trial II – NE-300 at 0, 75, 150, 225, and 300mg/
steer/d.
Trial III – NE-300 at 0, 16.5, 33.1, or 49.6 mg/kg
DMI.
Trials conducted for entire finishing period.

Trial I – No effect on finishing
performance.
Trial II – Improved FE linearly with
dose.
Trial III – No effect on DMI and ADG.

Essential oils Ebrahimi et al. (2018) Ajwain oil mixed in milk at 1 or 2ml/day per calf
and thyme oil mixed in milk at 1 or 2ml/day per
calf.

Both sources increased nutrient
digestibility and certain hemato-
biochemical parameters. No effect on
growth performance.

Essential oils Froehlich (2017) Stay Strong Essential oil; Altech, Nicholasville,
KY (contains garlic, anise, cassia, rosemary, and
thyme) fed at 1.25, 2.5, and 3.75 g/calf/feeding
for 120 days.

Improved growth, FE, fecal score, and
antibody titers.

Essential oils Jeshari et al. (2016) Rosemary, shirazi thyme, and squaw mint fed at
300mg/kg starter diet or distillation residue fed
at 50 g/kg starter for 6 months.

Increased feed intake, ADG, and serum
insulin concentration.

Essential oils Kazemi‐Bonchenari et al.
(2018)

A mixture of thymol, eugenol, vanillin, limonene
and guaiacol fed at 1 g/kg starter DM for 80
days.

Improved BWG, growth, and FE.

Essential oils Meyer et al. (2009) A mixture of thymol, eugenol, vanilin, guaiacol,
and limonene fed at 1 g/calf/d for entire
finishing period.

The performance attributes were
similar to that of control group.

Essential oils Rivaroli et al. (2017) A mixture of oregano, garlic, lemon, rosemary,
thyme, eucalyptus, and sweet orange fed at 500
or 1000mg/kg of DM/calf/day for a period of
120 days.

No effect on DMI, BWG, and carcass
characteristics.

Essential oils Santos et al. (2015) Active mixture (contains carvacrol, cineole,
cinnamaldehyde, and pepper) at 200mg/kg BW
or 400mg/kg BW for 10 weeks.

No effect on growth performance, fecal
scores, intestinal microbes, and
ruminal parameters.

Essential oils Soltan (2009) A mixture of eucalyptus oil, menthol crystal,
mint oil fed at 0, 94, 187, or 281mg/calf/day for
16 weeks.

In pre-weaning period - No effect of FE
and BWG. Improved health score and
nutrient digestibility; Decreased
diarrheic incidence.
In post-weaning period – Improved
BWG and FE.

Essential oils Vakili et al. (2013) Thyme and cinnamon fed at 5 g/day/calf for 45
days.

No effect on DMI, ADG, FE, plasma
metabolites, improved ruminal acetate
proportion.

Essential oils Westerhold et al. (2013) Next enhance (NE) - 300 (contains
cinnamaldehyde, garlic, and mineral oil) fed at
0, 150, 300, and 600mg/steer/d for entire
finishing period.

No effect on growth and carcass traits,
except for decreased back fat thickness.

Essential oils (microencapsulated) Alemu et al. (2019) Microencapsulated blend of essential oils
(carvacrol, cinnemaldehyde, and capsaicin) fed
at 150mg/kg DM for a period of 112 days.

No effect on DMI, FE, and ADG.

Essential oils (microencapsulated) Soltan et al. (2018) Microencapsulated blend of essential oils at 200
or 400mg/kg DMI.

Increased nitrogen retention and
microbial protein synthesis. No effect
on nutrient digestibility and ammonia
nitrogen concentration.

Essential oils (microencapsulated) Spanghero et al. (2007) REPAXOL feed (contains 0.8% essential oil)
added at 10 g/Kg diet and fed for a period of 32
days.

Improved FE and Lower fecal microbial
count.

(continued on next page)
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Table 1 (continued)

Class Reference Type of PSM, dosage and period fed Findings of the Research work

Essential oils and non-protein amino
acids

Hassan and Abdel-
Raheem (2013)

Caraway at 2 g/kg diet or garlic at 2 g/kg diet or
their combination for 6 months.

Combination increased ADG and FE.

Essential oils, non-protein amino
acid, and other PSMs.

Hill (2007) Apex dry 3030 mixture (contains garlic, anise,
cassia, rosemary, and thyme) fed at 0.5 g/Kg
milk replacer or calf starter or both for 56 days.

Faster BWG, Improved FE, and lessened
fecal score.

Essential oils and phenol Seifzadeh et al. (2016) Medical plant mix (contains 9% thyme, 25%
mint, 12% oregano, 25% cumin, 10% camel
thorn, 7% garlic, and 12 % Eucalyptus) fed at 1.5
or 3.0 g/calf/d with or without probiotic for 1
month.

Feeding at 1.5 g/calf/d improved feed
intake and reduced the weaning age of
calf.

Essential oils and phenol Seifzadeh et al. (2017) Medical plant mix (contains 9% thyme, 25%
mint, 12% oregano, 25% cumin, 10% camel
thorn, 7% garlic, and 12% Eucalyptus) fed at
Medicinal plant at 1.5 or 3.0 g/calf/d with or
without probiotic for one month.

Feeding at 1.5 g/calf/d improved feed
intake and reduced the weaning age of
calf.
Essential oils at higher dosages (3%)
decreased the intake, despite combined
with probiotics.

Essential oils mixture Niwas et al. (2013) Herbstone (Pudina, ajwain, harada, ammi, amla,
zinger, chirayita, kalmegh) fed at 20 g/Kg
concentrate ration for 60 days.

Increased intake, digestibility
coefficients, BWG, length, and girth
circumference.

Essential oil mixture in combination
with saponins or tannins

Samal et al. (2015) Mixture – 1: Made up of ajwain oil and lemon
grass (contains mixture of essential oils) in 1:1
ratio fed at 0.05% DMI.
Mixture – 2: Made up of garlic and soapnut
(contain essential oils, non-protein amino acids,
and saponins) in 2:1 ratio and fed at 2% DMI.
Mixture – 3: Made up of garlic, soapnut, harad,
and ajwain (contains essential oils, tannin, and
saponin) in 2:1:1:1 ratio and fed at 1% DMI.
Three mixtures fed for 8 months.

No effect on nutrient digestibility.
Improved FE.
Inhibited methane emission.

Fennel powder Saeedi et al. (2017) Fennel powder (contains Essential oils (8%),
anethole (60–80 %), fenchone (10–30 %),
flavonoids, coumarin, and sterols) supplemented
at 4 g or 8 g/Kg diet.
Fed from birth to 2 weeks post weaning.

Increased pH, molar proportion of
propionate, short-chain fatty acids, and
growth performance.

Carotenoids Becker (2013) Spirulina fed at 2, 6, or 25 g/day for 57 days. Unaffected BW and FE. Decreased
plasma cholesterol concentration.

Sesquiterpenes and HT Patel et al. (2017) Emblica officinalis and Tinospora cordifolia (2:1)
fed at 450mg/kg BW for 28 days.

Decreased serum cortisol and Increased
immunogenic effect.

Tannins Krueger et al. (2010) HT and CT fed at 14.9 mg/kg DMI for 42 days. No effect on animal performance and
rumen fermentation patterns.

Tannins Liepa et al. (2018) Hippophae rhamnoides leaf meal extract fed at 5
to 8ml/calf/twice a day for a period of 1 year.

Increased growth rate. Decreased
incidence of diarrhea.
Reduced serum haptaglobulin
concentration and lymphocytes’ count
in blood.

Tannins Min et al. (2006) Quebracho CT fed at 1 or 2 g CT/kg DMI for a
period of 63 days (after 8 weeks adaptation
period).

Reduced ruminal microbial activity,
biofilm, and ruminal gas production.
Increased ADG.

Tannins Rivera-Mendez et al.
(2017)

Trial I – CT at 0%, 0.2%, 0.4%, and 0.6% of DM
for 84 days.
Trial II – 0% tannin, 0.6% CT, 0.6% HT, 0.3%
CT+0.3% HT for 84 days.

Trial I - Increased BWG and FE.
Trial II – Tended to increase ADG and
DMI.

Tannins, flavonoids, alkaloids and
organic acids.

Varma et al. (2018) Pomogranate peel extract fed at 4% of the ration
for 60 days.

Short-chain VFAs flux was 5.2 times
higher in treatment group compared to
control.

Triterpenes Draisci et al. (2007) Plant sterols at 79mg/100 g or 87.4 mg/100 g
for a period of 65 days.

Increased urinary contents of 17-α
boldenone component.

Triterpenoid saponins Bhati et al. (2017) Aloe vera extract fed at 30 g/Kg diet for 30 days. Decreased protozoal count and ruminal
ammonia - N. Increased nutrient
digestibility and growth performance.

Triterpenoid saponins Nichols et al. (2011) Yucca schidigera extract fed at 1.0 g/steer/day for
a period of 189 days.

No effect on BWG and FE.
Decreased marbling.

Triterpenoid saponins Mirza et al. (2002) Yucca schidigera extract fed at 0.5 g/kg urea
molasses mineral block for a period of 70 days.

Improved BWG, FE, and economics of
feeding.

Triterpenoid Saponin Yadav et al. (2017) Aloe vera extract fed at 2 or 4 g/kg BW /day for a
period of 10 weeks.

Improved BWG and other
morphometric parameters.

ADG, average daily gain; BW, Body weight; BWG, Body weight gain; CT, condensed tannins; DMI, dry matter intake; FE, feed efficiency; HT,
hydrolysable tannins; NE, next enhance; PSM, plant secondary metabolites; VFA, volatile fatty acids.

P.R.K. Reddy, et al. Animal Feed Science and Technology 264 (2020) 114469

5



boldenone. White scilla (contain steroidal glycosides) has been known to use traditionally for deworming and meconium expulsion in
newborn calves (Miller, 1997). Most of the vegetable oils are the richest sources of naturally occurring phytosterols. In a study, Yoho
et al. (2012) replaced lard with coconut oil (rich in Δ7-stigmasterol, Δ7-avenasterol, and other phytosterols) at 0%, 20% (56 g/kg
diet), and 40% (112 g/kg diet) levels in jersey calves fed with liquid diets. The lard replacements did not affect DMI and average daily
gain (ADG), although they managed to improve health status by reducing fecal score.

Saponins constitute a triterpenoid or steroidal aglycone. Saponins primarily inhibit the protozoal population (defaunation), which
appears to increase microbial protein synthesis and post-ruminal protein flow. They may also alter the rumen metabolism in a
beneficial way by increasing the cell membrane’s permeability of few specific rumen bacteria (Arabski et al., 2012). Aloe vera, an
herbal source of saponin, was proved to be an effective herbal feed additive for calves due to the ability to decrease ruminal ammonia
N (NH3-N) production and increase nutrient digestibility and growth performance (Bhati et al., 2017). The most convincing evidence
for the usage of Aloe vera extract as a feed additive in calves can be obtained from the outcomes of Yadav et al. (2017). They revealed
that the supplementation of extract at 2 or 4 g/kg BW/day improved the growth production efficiency and morphometric parameters
of calves. Yucca schidigera, a desert plant and major marketable source of saponins, could be used as coccidiostat and immune-
stimulant (Sahoo et al., 2015). The powder of stem of Yucca schidigera was known to improve FE and BWG of zebu calves (Mirza et al.,
2002). Several studies on Quillaja saponaria (rich in triterpenoid saponins) revealed the presence of important biological properties
such as antibacterial, antiviral, antifungal, antiparasitic, and antitumor activities (Fleck et al., 2019). The beneficial effects of Quillaja
are well reported in poultry and pigs; yet, the efficacy of their usage has to be explored in calves. Fenugreek saponins are known to
exhibit hypocholesterolemic properties (Wani and Kumar, 2018), which promotes their usage in calves to raise designer (low-cho-
lesterol) beef.

3.1.3. Tetraterpenes and polyterpenes
Carotenoids, the accessory pigments of photosynthesis, represent the most significant components of tetraterpenes, and their

usage as feed additive primarily owes to the antioxidant potency rather than antibacterial activity. The pre-ruminant calf is con-
sidered as an exceptional model to evaluate the absorption and transportation rate of carotenoids, especially for carotenoids that are
banned or unaccepted for human feeding studies (Bierer et al., 1995). A Japanese study revealed a higher rate of absorption and
accumulation of astaxanthin, echinenone, and β-carotene in calves fed Xanthophyllomyces dendrorhrous yeast (rich in xanthophylls)
(Tani et al., 2014). Foliage is richer in tetraterpene carotenoids. Hence, the positive results of growth trials involving any leaf extracts
might also be attributed to the presence of tetraterpenes. Another important application in calves is the reversal of drug resistance,
which can be achieved by administering the drug in association with carotenoids (Wink, 2007). Lycopene is also a phytochemical
containing symmetrical tetraterpene units. Asparagus (contains lycopene) was proved to improve growth performance, thereby
facilitating the early sexual maturation in Sahiwal calves (Jamra et al., 2016). A feeding trial conducted by replacing rice straw with
tomato pomace (contains lycopene) at three replacement levels (35%, 50%, and 65% levels) revealed 35% (350 g/kg diet) as an
optimum replacement in economic perspectives, since increasing pomace levels did not affect ADG and FE of growing cattle (Caluya,
1997). This study also reveals that tomato waste from canning industries can be successfully fed to calves without any negative effects
on growth performance.

3.2. Phenolics

Phenols or phenolics are a class of chemical compounds consisting of a hydroxyl group (−OH) bonded directly to an aromatic
hydrocarbon group. The research conducted by using the phenolic compounds in calves and their results is presented in Table 2.

3.2.1. Phenylpropanoids, coumarins, and furanocoumarins
Major aromatic and lipophilic phenylpropanoids include eugenol, safrol, apiole, myristicin, elemicin, β-asarone, and estragole,

which are mainly found in essential oils of Rosaceae, Myristiaceae, and Apiaceae families (Wink, 2015). Phenylpropanoids possess
antimicrobial properties either by reacting with thiol (-SH) groups of proteins or by alkylating proteins with DNA (Wink, 2015).
Essential oils are also known to possess a defaunating effect, due to the lipophilic nature, which helps these compounds in crossing
the protozoal membranes (Zotti et al., 2017; Hassan et al., 2020).

Among the research works collected on the calf-herbal database, nearly 30% of the studies used phenol-based essential oils either
directly or in its raw source as a feed supplement to calves. The efficacy of essential oils (oregano extract at 10mg/kg BW/day) in
decreasing mortality rates, severity of scours, and colibacillosis was similar to that of neomycin at an equal proportion (Bampidis
et al., 2006). Later, Meyer et al. (2009) also confirmed that essential oils blend could be used as potential alternatives for neomycin in
calves. Incorporation of essential oils as a part of the regular calf diet aids in better resistance during unintended stressful situations
like dehorning and castration (Mario-Benedetti, 2017). Jeshari et al. (2016) further proved this resistance notion by detecting an
improvement in certain immune-physiological parameters on supplementing essential oils to calves exposed to abrupt weaning stress.
In another study, supplementation of essential oil mixture (eucalyptus oil, menthol crystal, and mint oil) to either milk or drinking
water also instigated better health conditions and post-weaning growth performance (Soltan, 2009). These authors attributed the
beneficial growth response to enhanced nutrient digestibility and serum metabolites. Essential oils, at a concentration above 35mg/l
rumen fluid, inhibited certain hyper-ammonia-producing bacteria (McIntosh et al., 2003). Besides essential oils, the residue left after
its distillation also possesses antimicrobial activity; therefore, it could positively influence the FE and BWG of calves (Jeshari et al.,
2016).

Howbeit, it is not always sure that supplementation of essential oils will inevitably benefit the health and performance of calves.
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In a study, NEXT ENHANCE (Novus International Ltd.), a commercial essential oil product, was extensively tested for its impact by
conducting three in vivo trials in finishing calf-fed steers and found variable impacts on animal performance (Bittner, 2016). More
recently, Alemu et al. (2019) reported no advantage in crossbred steers supplemented with a microencapsulated blend of essential
oils. These results in calves were in corroboration to those reported earlier by Westerhold (2013). On evaluating thyme and cinnamon
essential oils in calves, Vakili et al. (2013) also expressed that the usage of essential oils do not influence the growth performance or
production parameters, except for altered molar proportions of volatile fatty acids; nevertheless, these results cannot be completely
relied upon, as the additives were used for only a shorter period (45 days). Meanwhile, a Brazilian study revealed that supplementing
an essential oil blend at different doses (200 or 400mg/kg) did not influence the performance, fecal score, rumen fermentation, and
intestinal fauna of Holstein calves receiving milk replacer at 6 l/day and calf starter ad libitum amount (Santos et al., 2015). A recently

Table 2
Plant extracts, active components, effect, and calves research of phenolic compounds.

Class Reference Type of PSM, dosage and period fed Findings of the Research work

Anthocyanins and phenolic acids Palazzo et al.
(2017)

Grape pomace fed at 1 kg/head/day for 75 days. Improved total microbial operational
taxonomic units.

Catechins Sarker et al.
(2010)

Neomycin or fermented green tea product fed at 5 g/Kg
diet for 150 days.

Similar performance, hematological, and
immunological parameters to that of
neomycin fed at 110 ppm.

Phenols and
essential oils

Mousavi et al.
(2014)

A tablet containing Echinacea purpurae (500mg) and
Pelargonium Graveolens (135mg) supplemented for 25
days.

Improved γ-Interferon, lactoferrin, and total
IgG levels.
Half tablet for 5 days was stated as
optimum.

Phenols and tannins Perme (2014) Harad (Terminalia chebula) and garlic at 2% BW or their
combination with Saccharomyces cerevisiae for 180 days.

No effect on FI, nutrient digestibility,
microbial protein, and immune status.
Improved FE.

Polyphenol > 30% Ishihara et al.
(2001)

Green tea extract (Teapecus B; Taiyo Kagaku Co. Ltd,
Japan) at 1.5 g/day/calf for 30 days.

Improved Bifidobacterium and Lactobacillus
species. Decreased Clostridium perfringens
species.

Flavonoids Balcells et al.
(2012)

Bioflavex [contains naringine (200 g/kg) and grape fruit
extract (400 g/kg)] fed for a period of 22 days

Unaffected ADG and FE; Increased
propionate production; Decreased incidence
of acidosis.

Flavonoids Bi et al. (2017) Mulberry flavonoids 5.0% (w/w) fed at 3 gm per calf for
36 days (from 28 to 64 days of age).

Increased ADG, FE, and gut beneficial
bacterial count. Decreased fecal score and
E.coli K99 count.

Flavonoids Sarker et al.
(2010)

Propolis powder fed at 0.5 g/Kg concentrate mixture for 2
months.

Higher FI and ADG.

Flavonoids Seradj et al.
(2014)

A mixture of citrus flavonoids (contains neoeriocitrine,
naringine, isonaringine, hesperidine, neohesperidine,
poncirine) incubated at 200 μg/g DM in rumen liquor
from growing steers.

Decreased population of hydrogenotrophic
methanogenic archaea. Increased
propionate production.

Flavonoids Yang et al.
(2010)

Cinnamaldehyde fed at 0, 400, 800, or 1600mg/finishing
calf/day during finishing period.

No effect on growth and carcass traits,
except for intake, which increased on
supplementation.

Flavonoids, vitamins, and
enzymes

Zhang et al.
(2017)

Mulberry flavonoids at 2 or 4 g/d along with yeast
(Candida tropicalis) at 1 g/day for 60 days.

Caused a positive synergistic effect on
nutrient digestibility, FI, and growth.

Functional oils Purevjav
(2013)

Essential™ Oligo Basics; USA, LLC mixture (contains
Phenylpropanoids (Cashewnut shell oil), Polyterpenes
(Castor oil) at 250mg/kg DMI or 500mg/kg DMI for 169
days.

Inclusion of function oil at 500mg/kg DMI
increased dressing percentage and carcass
characters.

Functional oils Zotti et al.
(2017)

OligoBasics mixture (contains Phenyl-propanoids
(cashewnut shell oil), Polyterpenes (castor oil)) fed at
400mg/kg DMI for 21 days.

No effect on TVFA fraction and feed
behavior parameters.

Lignans (phytoestrogens) Aharoni et al.
(2004)

Crushed flax seed at 80 g/kg DM for 300 days. Increased intramuscular fat and conjugated
linoleic acid and other Omega-3 fatty acids
in lipid fractions.

Phytoestrogens, iridoid
glucosides, and flavonoids

Rani et al.
(2006)

Eclipta alba (bhringraj) or Kutaki picorrhiza (kutki) fed at
0.4% level or their combination (1:1) for 30 days.

Did not have any persistent beneficial effects
on the performance up to 77 days growth
trial.

Phenols and
essential oils

Mousavi et al.
(2014)

A tablet containing Echinacea purpurae (500mg) and
Pelargonium Graveolens (135mg) supplemented for 25
days.

Improved γ-Interferon, lactoferrin, and total
IgG levels.
Half tablet for 5 days was stated as
optimum.

Phenols and tannins Perme (2014) Harad (Terminalia chebula) and garlic at 2% BW or their
combination with Saccharomyces cerevisiae for 180 days.

No effect on FI, nutrient digestibility,
microbial protein, and immune status.
Improved FE.

Polyphenol > 30% Ishihara et al.
(2001)

Green tea extract (Teapecus B; Taiyo Kagaku Co. Ltd,
Japan) at 1.5 g/day/calf for 30 days.

Improved Bifidobacterium and Lactobacillus
species. Decreased Clostridium perfringens
species.

ADG, average daily gain; BW, Body weight; FE, feed efficiency; FI, feed intake; TVFA, volatile fatty acids.
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published dissertation also indicated no significant changes in performance of pre-weaned calves supplemented with a blend of
essential oil (thymol, guaiacol, eugenol, vanillin, salicylaldehyde, and limonene) at 300mg/kg diet, though the incidence of diarrhea
and fecal score were reduced (Mario-Benedetti, 2017).

Several inconsistencies appear to be associated with the dosage and chemical structure of the plant metabolite, microbial po-
pulation, diet composition, extent of adaptation of the microbes to antimicrobial compounds, and age of the calf. For instance, a study
compared three sources of essential oils, namely thyme, celery, and eucalyptus with monensin in calf starter diets and revealed that
eucalyptus oil was superior in improving the ADG and FE in post-weaning calves compared to the other sources (Akbarian-Tefaghi
et al., 2018). The age and weaning status of the calf is another important consideration to be taken into account, as the beneficial
effect of essential oils are more prominent in postweaning period compared to pre-weaning calves, because of the underdevelopment
of rumen lacking active rumen microbes (Chapman et al., 2017; Seifzadeh et al., 2017). The extent of antimicrobial activity of
essential oil compounds primarily depends upon pH of the medium, type of essential oil components, and their inclusion levels. The
effect of active components of certain essential oils might be enhanced in low pH due to the conformational changes in their structure,
which further increases the sensitivity of bacteria to the structurally altered molecules (Calsamiglia et al., 2007).

Few herbs like fennel powder (Phenylpropanoids) contain appetite stimulants such as anethole and fenchone, which make the
calves’ starter diets more palatable by increasing the taste (Saeedi et al., 2017). An additive-based study on the cattle finishing
programme revealed that inclusion of functional oil mix containing cashew nut shell oil (contains anacardic acid) and castor oil
(contains ricinoleic acid) at 250 or 500mg/kg DMI to calves’ diets generates more profitable feeding regimen because of the ob-
tainment of prime grade carcasses and better dressing percentage (Purevjav et al., 2013). But, supplementation of the same functional
oil mix at 400mg/kg DMI did not influence the feed behavior patterns and rumen fermentation variables in abruptly weaned Nellore
calves (Zotti et al., 2017). Apart from being the main ingredients of beverages and cosmetic products, coumarins are extensively used
for phytoremediation in calves suffering from ailments. Coumarins are well known for their use in alleviating the negative effects of
aflatoxins (Hassan et al., 2019). Further, the furanocoumarin compounds, major PSMs in grapefruit and citrus peels, are well known
for their antimicrobial potentiality (Politowicz et al., 2017). Although the isolated furanocoumarin components are not directly tested
as feed additives, their sources (citrus peels and grapefruit extracts) are certified as safe growth promoters in calves (Rafiq et al.,
2016; EFSA, 2016).

3.2.2. Lignans and lignins
Few lignin compounds inhibit the microtubule formation, a basic step in mitotic spindle construction, thereby instigating a

bacteriostatic effect. Lignin is known to control intestinal pathogens and increase the BWG in early growing calves. Lignin, especially
sulfur-free lignin fractions, such as Alcell, could be used as prebiotic feed additives in calves (Calvo-Flores et al., 2015). Despite the
immense acceptance of these products in livestock-based feed industry, limited information exists on feeding lignan-phytoestrogen
substances to calves; however, studies in other species affirm many favorable results on their usage. Flaxseed, the most abundant
source of phytoestrogens (Lignans), is usually incorporated as feed ingredient rather feed-additive. Including the flax seed ingredients
in beef calf rations guarantee higher content of omega-3 fatty acids, which is profitable in designer meat production (Aharoni et al.,
2004; Mach et al., 2006).

3.2.3. Flavonoids and anthocyanins
Flavonoids exert antimicrobial properties through various mechanisms such as inhibiting the nucleic acid synthesis, suppressing

energy metabolism, and inhibiting the function of cytoplasmic membrane (Gadang et al., 2008). Flavonoids can inhibit the electron
or carbon flow in the microbial food chain and prevent the accumulation of hydrogen (Chen and Wolin, 1979). Reduced hydrogen
increases the propionate proportion to the expense of butyrate and acetate, which is a significant strategy in reducing methano-
genesis. The flavonoids supplementation seems to be more beneficial during the stress period (Olagaray and Bradford, 2019).

Balcells et al. (2012) fed eight Holstein Friesian calves with plant flavonoids extract (Bioflavex containing a blend of Naringine
(200 g/kg) and grapefruit extract (400 g/kg)) for 22 days. The results revealed increased titers of lactate consuming bacteria
(megasphaera elsdenii) along with a shift from acetate to propionate production, therefore decreasing the methanogenic potentiality
and incidence of rumen acidosis. Another known antimethanogenic mechanism of action of flavonoids is their potential in directly
inhibiting the hydrogenotrophic methanogenic archaea in the rumen (Seradj, 2014).

Supplementation of mulberry flavonoids as antibiotic alternatives to pre-weaned calves pre-challenged with Escherichia coli K99,
led to an improved ADG and FE with a significant lower fecal score, suggesting the defensive effect of flavonoids against the microbes
(Bi et al., 2017). In the same study, the community diversity index of flavonoid fed group showed an increased count of beneficial
bacteria like Prevotella, Lactobacillus, and Enterococcus, which are further expected to promote gut health. A recent study also showed
that supplementation of flavonoid-rich Hippophae rhamnoides leaf meal extract at 5–8ml/calf twice daily has reduced the serum
haptoglobin concentration and incidence of diarrhea, consequently promoting the growth rate (Liepa et al., 2018). Although no
improvement was found in growth and carcass traits, supplementation of cinnamaldehyde, a flavonoid of cinnamon, managed to
improve intake, due to its appetite-stimulating property (Yang et al., 2010). Further, replacing soybean meal with primerose oil cake
(contains flavonoids and tannins), up to 50% (33 g/kg diet), proved to improve FE in calves (Strzetelski et al., 1998). Nevertheless,
oral administration of quercetin aglycone, at 50mg/kg BW, to neonatal calves for a week was neither able to compensate for
insufficient colostrum supply nor showed any positive effect on antioxidant or anti-inflammatory status (Gruse et al., 2016). The
differences in beneficial effects of flavonoids may be due to the variabilities in dose, specific compound efficacy, and mode of action
(Olagaray and Bradford, 2019).

Anthocyanin, a vacuolar pigment related to heart disease, is also known to possess a notable antimicrobial action against

P.R.K. Reddy, et al. Animal Feed Science and Technology 264 (2020) 114469

8



microbes, especially gram-positive bacteria, apparently due to its activity on biological membrane and intracellular interactions.
Despite the evidence on the beneficial effects of anthocyanins (Changxing et al., 2018), the European food safety authority reported
that their usage as feed additives is worth reevaluating due to the inadequate toxicological database (EFSA, 2013). Feeding grape-
pomace (anthocyanins, tannins, and phenolic acids) to Holstein Friesian calves at 1 kg/calf daily for a period of 75 days increased the
rumen microbial population of Prevotella stercorea, Bacteroides uniformis, and Ruminococcus flavefaciens, albeit no influence was no-
ticed on the overall composition of the rumen microbiota (Palazzo et al., 2017).

3.2.4. Catechins and tannins
Catechins are a distinctive class of flavonoids. The hydroxyl groups of catechins often interact with proteins and form ionic,

hydrogen or covalent bonds. Although Tannic acid (hydrolyzable tannins (HT)) is recognized as a food flavoring agent by the
European Union list of food flavorings, its usage at higher levels has to be checked over and again while feeding to calves. The safer
limit of tannic acid as a feed additive is up to 15mg/kg feed in all animal species (EFSA, 2014). The catechins interact with proteins
on the microbial surface and inhibit tissue adhesion and pathogenicity. Catechins are also able to bypass the protein from ruminal
degradation, thereby preserving the protein quality in weaned calves fed superior quality proteins.

Catechins can also additionally abridges with gallotannins and increase the total number of hydroxyl groups to form firm tannin-
protein complexes, consequently interacting with protein targets in microbes (Wink and van, 2010). Green tea extract (contains
catechin) is established as a safe and useful feed additive for calves with respect to its beneficial effect on GIT microflora. The extract
proved to increase bifidobacterium and lactobacillus species with a parallel decrease in Clostridium perfringens species within GIT
(Ishihara et al., 2001). In another study, Sarker et al. (2010) viewed the fermented green tea product as an efficient substitute feed
formula for antibiotics because of the superior FE of the beef calves fed former diets.

The mechanism of antimicrobial action of ellagitannins is diverse and includes adhesion formation, enzyme inhibition, cell wall-
complexes formation, substrate deprivation, membrane disruption, and metal ion complexation (Cowan et al., 1999). Because of the
bacteriostatic activity of tannins, they are used as exclusive agents to control foodborne pathogens in calves (Min et al., 2008).
Supplementation of Quebracho condensed tannin (CT) at 1 or 2% of the BW increased BWG and decreased the bloat scores, biofilm
production, and rumen gas production, principally by minimizing the rumen microbial activities (Min et al., 2006). Supplementing
different levels of HT or CT to calves resulted in improved BWG and DMI, irrespective of the source and levels of dietary tannins
(Rivera-Méndez et al., 2017). However, Krueger et al. (2010) reported no effect of either HT (mimosa extract) or CT (Chestnut
extract) supplementation on BWG, FE, and growth performance of calves fed high-grain diet. The study also revealed that there is no
apparent cause why tannins could not be added in limited amounts to alleviate pathogens if antimicrobial efficacy is acknowledged.

3.3. Quinones

Hydro-, Naptho-, and Anthra- quinones are the archetypical members of the group. Hydro- and Naptho-quinones are redox
reagents and exhibit antimicrobial property by binding to enzymes or interacting with ferrous or ferric proteins such as cytochromes.
Most of the anthraquinones possess phenolic OH groups, which accords broad antimicrobial activities by interfering with proteins
similar to polyphenols (Kemegne et al., 2017). Withal, the inclusion of anthraquinone substances, at their purest form, is not re-
commended as long-term feed additives due to their ability to intercalate DNA (Wink and van, 2010).

3.4. Polyacetylenes, polyenes, and alkamides

Polyacetylenes and polyenes possess cytotoxic activity by interfering with membrane proteins and binding to SH groups. Although
Tagetes erecta (marigold; rich in polyenes and polyacetylenes) extract is primarily known for wound healing in calves (Kumar et al.,
2006), its usage as a feed additive is widely accepted in other livestock species, including poultry (Mirzah and Djulardi, 2017).
Several polyenes such as amphotericin B, candicidin, trichomycin, nystatin, and pimaricin are used as antifungal agents for ther-
apeutic purposes in calves.

European Union approved Spiramycin, an antimicrobial polyene compound, as a feed additive for calves in 1970, which was later
banned in July 1999 because of the resistance notion. Beta carotene, a colored polyene, is considered as a safe feed supplement for all
food-producing animals, except veal calves. The EFSA Panel on additives and products or substances used in animal feed (FEEDAP)
concluded that ad libitum usage of β-carotene as a feed additive in calves should not be encouraged because of the accumulation of
pigment in liver that poses a threat to consumer safety (EFSA, 2012). A study conducted on veal calves fed diets with Spirulina
(contains provitamin-A carotenoids) at 2, 6, and 25 g/day revealed a significant decrease in the plasma cholesterol concentration
without any effect on BW, ADG, and FI (Becker, 2013). The carrot (rich in β-carotene) waste was tested and found to be incorporated
up to 400 g/kg diet without any adverse effects on the growth of steers (Rust and Buskirk, 2008). Another study in growing steers
found a similar growth performance among the steers fed diets containing ensiled carrots and grass hay compared to those fed on
bromegrass and alfalfa silage based ration (Laflamme, 1992).

Alkamides are polyene structures with nitrogen substitutes. They possess potent antimicrobial activity similar to polyenes and add
immunostimulant property to few herbs belonging to Echinacea family. Supplementation of Echinacea at 0 or 2.5 g/day for 17 days
revealed low serum levels of monocytes and B-cells along with high levels of CD4+ T cells in transitional dairy calves (Gill et al.,
2002). Artemisia, another vital source of alkamides, could be used as a potent therapeutic agent against internal parasites in diarrheic
calves (Ramadan et al., 2015). The tonic made from the root of Lepidium meyenii (rich in alkamides) has been traditionally used to
overcome stress and as a fertility enhancer for cattle; yet, its usage as a growth promoter in calves has to be verified with growth trials
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(Beharry and Heinrich, 2018).

3.5. Carbohydrates

Few oligosaccharides act as prebiotics, whose beneficial effects have been related to an associated influence of increased
Bifidobacteria counts (Liu et al., 2018). They are also known to inhibit the growth and multiplication of potentially pathogenic
bacteria such as clostridia, enterobacteria, and salmonella. Mannan oligosaccharides (MOS) positively influence the count of ben-
eficial bacteria and carries the pathogenic microbes out of the host along with the passing digesta. This alteration is achieved by the
ability of MOS in anchoring the cell surface-based mannose-binding proteins of few bacterial strains, thus preventing the bacteria
from inhabiting the intestinal tract (Ozpinar et al., 2012).

Dietary supplementation of MOS during the pre-weaning period showed encouraging results by beneficially influencing the BWG,
FI, FE, and cost per kg gain along with a decreased fecal score and coliform count (Ghosh and Mehla, 2012). Further, their sup-
plementation also managed to reduce the cost of diarrhea treatments and the total number of treatment days, revealing the po-
tentiality of MOS in treatment of diarrhea (Kara et al., 2015). On the contrary, Hill et al. (2008) carried out three trials, in which, the
pre-weaned calves were supplemented with different sources of oligosaccharides (Fructo-oligosaccharides and MOS) at altered levels
and concluded that supplementation of oligosaccharides did not have any beneficial effects on ADG and FI. The authors reported that
neither of the probiotic sources was potential enough against the pathogens causing enteric challenges in the experimental calves.
Later, two simultaneous reviews, composed by Roberfroid (2005) and De Vrese and Marteau (2007), appraised the effects of different
oligosaccharides on livestock health and performance. They determined that the fructo-oligosaccharides supplementation to pre-
weaned calves is beneficial as a prophylactic measure in preventing pathogen-associated diarrhea, but not suitable as a therapeutic
agent after attainment of illness. These unpredictable results of MOS on fecal score and growth performance of calves may be related
to the different sources of the manufacturer, level and duration of supplementation, diet composition, intestinal bacterial population,
health status, and environmental conditions (Kara et al., 2015).

Inulin is a valuable dietary adjunct to manipulate the gut microflora of livestock, especially calves (Samanta et al., 2013). Feeding
Jerusalem artichoke flour (contains inulin) at 6, 12, and 24 g/day per calf increased the ADG by the end of the 56th day and improved
digestive channel functionality by reducing fecal mass liquefaction (Arne and Ilgaza, 2016). Further, an extensive Polish study
revealed that Inulin, at 3 or 6 g/day per calf, was able to improve hemato-biochemical, immunological, and other performance
parameters (Krol, 2011). Experimental studies on calves fed a water-soluble polysaccharide isolated from Physalis alkekengi var.
francheti revealed positive effects by increasing the number of lactobacillus species and inhibiting the growth of pathogenic bacteria
(Li et al., 2013). These results suggest that use of the extracted polysaccharide may be encouraged as a feed additive in case of GIT
microflora imbalances in calves.

3.6. Organic acids

The organic acids, specifically, acetic, malic, fumaric, and citric acid, can penetrate the bacterial cell wall and disrupt the
functions of certain pathogenic bacteria (Mishra et al., 2016). They are believed to provide beneficial effects on the host by de-
creasing the competition among microbes for nutrients. The projection of organic acids as a possible replacement for antibiotics in
growing calves is mainly related to the in vitro studies’ affirmative results in displaying the antimicrobial activity against common
pathogenic microbes (Tejero-sarinena et al., 2012). They are more effective against gram-negative bacteria compared to other sec-
ondary metabolites, such as essential oils. Organic acids addition to milk may even attenuate certain potential pathogenic microbes
such as Mycoplasma bovis and salmonella dublin (Parker et al., 2016). Another advantage of adding organic acids to milk include the
reduced chances of spoilage during preservation, which allows larger quantities of milk at ad libitum amounts for calves. Feeding
formic acid acidified milk (pH – 4.8) to calves for 6 months decreased the incidence of diarrhea apart from increasing the overall
health and well-being (Guler et al., 2006). On the contrary, several works reported no significant changes in the performance of
calves supplemented with organic acids through either milk or calf staters (Ribeiro et al., 2009; Hill et al., 2013; Todd, 2013). The
inconsistencies in the works mentioned above might be due to altered dosages or forms of organic acids, which play a crucial role in
showing significant positive effects. The research and results regarding the usage of quinones, polyacetylenes, carbohydrates, organic
acids, and N-containing secondary metabolites in calves are presented in Table 3.

4. Nitrogen-containing secondary metabolites

4.1. Alkaloids

Quite a lot of alkaloids are not often preferred as feed additives in the calf industry because of their intense effect on the host’s
neuroreceptors through modulation of neuronal signal transduction (Walstab et al., 2014). Few alkaloids such as quaternary ben-
zophenanthridine compounds (Sanguinarine), protopine alkaloids, and isoquinoline alkaloids have been known to use as feed ad-
ditives in various livestock species, but their effects are yet to be researched in calves (Tschirner et al., 2003; Aguilar-Hernandez et al.,
2016). More recently, Varma et al. (2018) supplemented pomegranate peel extract (contains alkaloids in addition to tannins, fla-
vonoids, and organic acids as active components) and found that the extract may promote calves’ health and production. However,
the authors reported that the peel extract supplementation could alter odor characteristics of feces, thereby increasing the feedlot
nuisance and making shed more redolent, if not managed properly.
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4.2. Non-protein amino acids

Though the broad antimicrobial properties of alliin and allicin amino acids are well documented, their precise mode of action is
unknown. Muller et al. (2016) claim that the antibacterial property of allicin, a non-protein amino acid, might be attributed to the
induced thiol stress in bacteria through S-Allylmercapto modification. The beneficial effects of supplementation of onion extract
(contains alliin, allicin, and other cysteine derivatives) are well documented in poultry and cattle; yet, the extract has to be ex-
perimentally verified in calves (Abad et al., 2017). The antimicrobial efficacy of garlic extract is well testified against certain pa-
thogenic gram-positive (Staphylococcus saprophyticus, Staphylococcus aureus, Streptococcus faecalis, and Streptococcus pneumonia) and
gram-negative bacteria (Acinetobacter haemolyticus, Enterobacter cloacae, Escherichia coli, Klebsiella pneumonia, Pseudomonas aerugi-
nosa, and Proteus mirabilis) (El-Astal, 2004). The results of a trial involving garlic extract supplementation revealed improved

Table 3
Plant extracts, active components, effect, and calves research of N-containing secondary metabolites, Polyacetylenes, carbohydrates, and organic
acids.

Class Reference Type of PSM, dosage and period fed Findings of the Research work

Alkaloids, saponins, and steroidal
lactones

Meel et al. (2017) Aswagandha (Withania somnifera) and Reetha (Sapindus
mukorossi) at 30 g/Kg diet or their combination (1:1) for
30 days.

Increased total protozoal count,
concentration of TVFA, NH3-N, total N,
and TCA-precipitable N.

Alkamides Gill et al. (2002) Echinacea extract fed at 0 or 2.5 g/day for 17 days. Decreased monocytes and B-cell
percentage. Increased CD4+ T cells.

Inulin Arne and Ilgaza
(2016)

Jerusalem artichoke at 6, 12, and 24 g/calf/day fed for
56 days.

Increased ADG. Improved digestive
channel functionality.

Inulin, genosides, and saponins Devant et al.
(2007)

Artichoke (200−300 g/kg), ginseng (150−250 g/kg)
and fenugreek (550−650 g/kg) included at 2.8 g/kg DM
for 84 days.

No effect on FE and FI. Decreased serum
leptin concentration. Increased insulin,
cortisol, and propionate.

Non-protein amino acids (alliin,
allicin)

Duvvu et al.
(2018)

Allium sativum fed at 200 or 300mg/kg BW for 90 days. Improved FI, FE, ADG, and BCS.

Non-protein amino acids (alliin,
allicin)

Ghosh et al.
(2011)

Garlic extract fed at 250mg/kg BW/calf/day for a
period of 55 days (from 5 days to 2 months age).

Increased BWG and FI; Decreased
severity of scours and E.coli count.

Non protein amino acids and
essential oils

Hill et al. (2007) APEX CMR 3035 (garlic, anise, cassia, rosemary, and
thyme)
Trial I – Apex at 0.5 g/Kg milk replacer
Trial II – Apex at 0.5 g/Kg milk replacer and 0.5 g/Kg
calf starter
Fed for a period of 56 days.

Increased calf starter intake.
Improved BWG.

Oligosaccharides Ghosh and Mehla
(2012)

MOS at 4 g/calf/day for 2 months. Increased average BWG, intake, and FE.
Decreased severity of sours.

Oligosaccharides Hill et al. (2008) Trial I – diet supplemented with 4 g Fructo-
oligosaccharides /g/ day.
Trial II – diet supplemented with 8 g Fructo-
oligosaccharides /g/ day.
Trial III – diet supplemented with 6 g MOS/g/ day.
Trials conducted for 2 months.

No effect on BW, FE, and severity of
scours.

Oligosaccharides Kara et al. (2015) Celmanex (contains MOS) at 7 g/calf/ day for 56 days. Reduced days of diarrhea and cost of
treatment. Improved fecal score and final
BW.

Oligosaccharides and fructose
polymer

Krol (2011) Trial I - MOS fed at 2 or 4 g/calf/ day for 56 days.
Trial II – Inulin fed at 3 or 6 g/calf/ day for 56 days.

Improved BWG, FE, volatile fatty acids
content and fecal consistency in both the
trials.

Organic acid (Formic acid) Guler et al.
(2006)

Formic acid added to milk until pH ranges 4.8. Acidified
milk fed at 8% of the BW for 6 months.

Decreased incidence of diarrhea.
Improved health status.

Organic acid (Formic acid) Huuskonen et al.
(2011)

1 dL 80% formic acid added to milk and is fed at 6.0 or
10.0 Liter/day for 75 days.

Calves fed higher acidified milk had
higher BWG.

Organic acid (microencapsulated) Spanghero et al.
(2007)

ERASE Feed (contains 50% organic acid) fed at 10 g/Kg
diet for a period of 32 days.

Improved FE. Lowered fecal microbial
activity.

Organic acid mixture Ribeiro et al.
(2009)

Trial I – organic acid mixture (contains citric acid at
400 g, Lactic acid at 180 g, fumaric acid at 20 g,
Phosphoric acid at 15 g, and vitamin-C at 5.2 g) at 0.4%
of BW in Liquid diet (Milk) for 0–60 days.
Trial II – organic acid mixture (contains betaglucans at
80 g, flavonoids at 4 g, linoleic acid at 3 g, oleic acid at
1 g, citric acid at 55 g, and vitamin C at 2.4 g) at 0.5% of
BW in solid diet (Concentrate) for 61 to 112 days.
Trial III – organic acid mixture (composition similar to
trial I) at 0.4% of BW in liquid diet (milk replacer) 0–60
days.

No effect on performance and health
status of calves.

ADG, average daily gain; BCS, body condition score; BW, Body weight; BWG, Body weight gain; BWG, Body weight gain; FE, feed efficiency; FI, feed
intake; MOS, Mannanoligosaccharides; NH3-N, ammonia nitrogen; TCA, tri-chloro acetic acid; TVFA, volatile fatty acids.
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performance of the calves in terms of increased mean BWG and FI accompanied by a decreased feed cost/kg gain and severity of
scours on a scale of 1–4 (Ghosh et al., 2011). In corroboration to these results, another recent trial also proved that supplementing
garlic extract at 200 or 300mg/kg BW for 90 days improves the production attributes of the buffalo-calves (Duvvu et al., 2018).

4.3. Glucosinolates

Glucosinolates generally exist in the cell vacuoles. The myrosinase enzyme hydrolyzes them into various active forms such as
nitriles, thiocyanates, and isothiocyanates on rupture of the cell (Borges et al., 2015). They exert antimicrobial effect by binding to
sulfhydryl groups of few pivot enzymes related to bacterial growth and survival (Jacob and Anwar, 2008). Despite the broad anti-
microbial activities of glucosinolates, they are not encouraged as feed additives for calves, presumably due to their toxicity.
Nevertheless, it was established that glucosinolates, regardless of the source, are not harmful up to 17.50mmol/g of calves’ diet
(Tyagi et al., 2008).

4.4. Lectins, peptides and antimicrobial peptides

Lectins possess antimicrobial property due to their ability to inactivate ribosomes, consequently blocking the protein translation.
A minor amount of toxic lectins are found in few leguminous species, which may benefit the calf’s health on supplementation;
however, their safety-threshold is questionable. Plants such as Ananas comosus (contains bromelain and ficin) and Carica papaya
(contains papain) are rich in hydrolytic proteases; and are extensively used as therapeutic agents (Wink, 2015). No calf research was
ever conducted on these proteases; nevertheless, results from in vitro trials furnish evidence of their antimicrobial property (Anjos
et al., 2016), which is assumed to improve the well-being and growth performance of calves.

Antimicrobial peptides of plant origin are often ignored, yet potent in exhibiting the antimicrobial activity towards pathogenic
microbes; incredibly, resistant bacterial strains are not exceptional (Aleinein et al., 2014). Supplementing antimicrobial peptides as
feed additives provided an immense favorable performance in Juvenile goats. These results could also be applicable to pre-weaned
calves due to the similar rumen structure and function between two species.

5. Synergic effects of the plant secondary metabolites

The varied proportion of active components in plants results in synergistic effects on mixing different plant extracts. Hence using a
mixture of various plant bioactive components might be beneficial in reducing the required effective dosage. Administration of
individual feed additive for an extended period may lead to the development of resistance by the target bacterium. In connection with
this, Saeedi et al. (2017) stated that supplementing essential oil compounds alone for an extended period than optimum might cause
adaptation of rumen microbes, which further develop resistance to the active ingredients in oils. The synergies among different
secondary metabolites of a mixture may often prevent the bacteria from developing resistance by adaptation. This hypothesis ex-
plains the reason for successful usage of herbal mixtures since centuries for treating infectious ailments without developing re-
sistance. Besides, an individual component is improbable to comprise all the antibiotics’ abilities in creating favorable conditions.
Therefore, collective use of diverse herbal or plant extracts as antimicrobial alternatives could provide much more lucrative results.
Indeed, it cannot be confirmed that the beneficial effects of most of the aforementioned herb or plant-based studies, presented under
different headings, are due to the individual major active component of the plant extract. According to the natural antimicrobial
usage database, essential oils and organic acids were the most often mentioned secondary metabolites with additive effects; however,
no studies were reported on their synergistic effects in calves (Yang et al., 2015). Theoretically, the essential oils and organic acids
work synergistically and produce greater effects. The phenolic compounds of essential oils could damage the integrity of cell
membrane, thereby increasing the bacterial vulnerability to acidic environment caused by organic acids. Another notion is that the
hydrophobicity of essential oils increases at low pH, allowing it to dissolve at a faster rate in the lipids of the cell membranes of target
bacteria (Karatzas et al., 2001).

5.1. Claims of synergistic effects in calf herbal research

A recent investigation on different doses or levels of Echinacea (contains alkamides) and Pelargonium (contains monoterpenoid)
revealed an immunomodulatory action by increasing the levels of γ-Interferon, lactoferrin, and total IgG contents. A blend of 250mg
Echinacea and 62.5mg Pelargonium for a period of 5 days was proposed as an ideal mixture to be supplemented (Seckin et al., 2018).
Another blend of plant extracts constituting cynarin, ginseng (contains steroidal glycoside and saponin), and fenugreek (contains
saponins and coumarin), at 2.8 g/kg DM diet, was able to display beneficial response on calves’ serum and plasma metabolite
concentration as equal to those fed diets supplemented with monensin at 32mg/kg DM (Devant et al., 2007).

Supplementing a combination of harad (contains glycosides and triterpenes) and garlic (contains non-protein amino acids) at 2%
of the BW of buffalo calves improved FE, though no improvement was observed in intakes, nutrient digestibilities, population density
of ruminal bacteria, immune status, and microbial protein synthesis (Perme, 2014). Another known potential combination is thymol
and cinnamaldehyde, which possess the best ability to hinder the multiplication of pathogenic bacteria apart from improving gut
vigor (Li et al., 2012). Further, the thymol was also associated with carvacrol and found that the combination was effective enough to
increase the ratio of villus height/crypt depth in the distal small intestine and reduce the count of intraepithelial lymphocytes
(Michiels et al., 2010). Later, Wall et al. (2014) tried in supplementing the calf starter with a Vegetable (capsicum) – Spice
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(cinnamaldehyde) – Monoterpenoid phenol derivative (carvacrol) blend and stated that the mixture failed to influence the FE, but
managed to increase the average BWG, which has implications in reducing the costs accompanied with animal rearing.

A commercial herbal nutraceutical mixture (Herbastone) was compared to a self-compounded herbal mixture (contains pudina,
ajwain, harada, ammi, amla, zinger, chirayita, kalmegh) by incorporating at equal proportions of 2 g/kg concentrate mixture. The
authors reported that both the herbal mixtures were able to increase the BWG and other external carcass characteristics by stimu-
lating the appetite and improving the digestibility. They connected the beneficial results to the liver stimulating competence de-
livered by synergistic herbal coaction (Niwas et al., 2013).

A similar comparison was made among three home-made herbal mixtures namely mix – 1: essential oils blend, mix – 2: saponin
and essential oil blend, and mix – 3: tannin, saponin, and essential oil blend and found that all the mixtures were potent enough in
decreasing the methane production without any negative effects on the ADG and FE. They also reported that the combination of two
essential oil sources gave the best in vivo performance compared to the other two blends (Samal et al., 2015). Another commercial
herbal product (Apex containing the extracts of anise, thyme, garlic, rosemary, and cassia) was known to improve intake, BW, and FE
in Holstein calves fed either all milk crude protein milk replacer or 45% soy protein concentrate milk replacer in a completely
randomized design (Hill et al., 2007). The authors attributed these positive results to the blend’s antimicrobial potency and improved
glucose absorption efficiency. According to an Indian study, a blend of Tinospora cordifolia (contains sesquiterpenes) and Emblica
officinalis (contains HT) is beneficial to calves in inducing non-specific resistance to adverse climatic conditions (causing heat or cold
stress) and immunogenic effect with a marked reduction in serum cortisol levels (Patfel et al., 2017). Meanwhile, another study
revealed that supplementing Indian ayurvedic herbals like Ashwagandha (contains alkaloids, steroidal lactones, and saponins) and
Reetha (contains saponins), either alone or in combination, beneficially altered the rumen fermentation by increasing various ni-
trogen fractions and short-chain fatty acids in the rumen (Meel et al., 2017). Further, the amalgamation of caraway (contains
monoterpenoids) and garlic (contains non-protein amino acids) powders at 2 g/kg diet (DM basis) improved FE and BWG compared
to the individual ingredients, presumably due to the synergic effects of alliin and terpenoids (Hassan and Abdel-Raheem, 2013).
Recently, Zhang et al. (2017) found a synergic role of mulberry flavonoids and yeast (Candida tropicalis) in enhancing the feed intake,
growth, and nutrient digestibility.

Feeding a medical plant mix (constitute 9% thyme, 25% mint, 12% oregano, 25% cumin, 10% camel thorn, 7% garlic, and 12%
Eucalyptus) for a period of one month before weaning attained threshold feed intake for weaning (1500 g calf starter for 3 con-
secutive days) faster than control, thus facilitating early weaning in calves (Seifzadeh et al., 2016). In a similarly designed feeding
trial, the same authors reported increased daily BWG and decreased fecal, eye, and nasal scores on feeding medicinal plant mix at
1.5 g/calf/day compared to control or 3.0 g/calf/day groups. In another study, Seifzadeh et al. (2017) found no effect while using the
combination of essential oils and probiotics for calves. They reported that the higher dosages (3% DMI) of essential oils decreased the
dry matter intake, despite combined with probiotics; though the probiotics were hypothesized to have a neutralizing effect on the
harmful effects of a higher dosage of essential oils on intestinal microflora. Published outcomes among these synergistic works are
variable but showed many encouraging rewards. More research has to be conducted on the appropriate blends, supraphysiological
dosages, and routes of herbal additive supplementation to calves.

6. Challenges in supplementing plant secondary metabolites as feed additives for calves

Despite the existence of data on the optimum usage of various natural antimicrobial alternatives on different adult livestock
species, their safety and toxicity levels cannot be predicted for young ones until they are completely elucidated and clearly estab-
lished for calves. Minimal data exist regarding the prescribed amounts or dosage of herbal components to be fed, which is an essential
determinant of calf health, welfare, and growth performance. For instance, Ahmed et al. (2009) confirmed that supplementing garlic,
lemonade, and anion juices (at a ratio of 1:0.125:1 per liter water) to buffalo calves at 25 g/kg diet improved nutrient utilization,
growth rate, and economic efficiency apart from destroying pathogenic microbes. While the same composition mix decreased the
ADG on feeding either 50 g/kg or 75 g/kg diet fed, ensuring 25 g/kg as the optimum level among the three inclusion levels. Similarly,
the inclusion of oregano extract at 7.5 g/day caused adverse effects on feeding behavior and concentrate intake rather intact or
favorable influence (Kolling et al., 2016). Addition of garlic powder at high levels was also known to be associated with a decreased
DMI and suppressed DM digestibility (Gholipour et al., 2016). In an Iranian trial, providing fennel powder at 4 g/kg starter diet
showed better performance by increasing the propionate proportion and calves’ performance compared to that of 8 g/kg diet (Saeedi
et al., 2017). Another feeding trial involved in administering essential oils blend at 1.25, 2.5, or 3.75 g/calf/day established the fact
that the medium dose (2.5 g) provided optimum results compared to the other two (Froehlich et al., 2017). More recent findings
revealed that feeding Corymbia citriodora leaf extract at 20ml/calf/day decreased body weight gains while the same extract at 10 ml/
calf/day did not affect the growth performance (Hassan et al., 2020).

Although few metabolites possess a similar mode of action against a common group of pathogenic microbes, the prescribed dose
of a single antimicrobial compound does not guarantee alike results of the corresponding metabolite; and is related to the dissimilar
minimum inhibitory concentration among various plant-based antimicrobial agents or chemicals (Yang et al., 2015). As a matter of
fact, several plant-based (temperature, light, growth, rainfall precipitation, soil, and weather condition) or calf-based (rate of con-
sumption, rate of GIT assimilation, rates of microbial transformation, effect of enzyme inhibition or induction, effect of enzyme
inhibition or induction) or diet based (nutrient composition and antinutritional factors percent) factors should be pre-considered
while determining the optimum dosage of PSMs. In this regard, a recent work conducted with an aim to evaluate the interactions
between the diet composition (18% vs. 20% crude protein content) and essential oils (contains thymol, eugenol, vanillin, limonene,
and guaiacol) found an improved BWG, growth, and FE, although no interactions were found between the altered protein contents
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(Kazemi-Bonchenari et al., 2018).
It is impracticable to carry out organized and comprehensive assessments towards the safety and efficacy of PSM mixtures because

of their multifaceted composition. Besides, the use of PSM-based feed additives is not completely safe and may generate significant
interactions with other PSMs or drugs (Elghandour et al., 2018). For instance, the concomitant intake of various CNS-based medicinal
drugs and essential oils was known to cause herb-drug interactions (Samojlik et al., 2016). The apigenin and quercetin flavonoids
showed antagonistic interaction with few drugs such as flunixin meglumine, erythromycin, and levamisole, which possess prokinetic
effects on the GIT (Mendel et al., 2018). Hence, using these flavonoids as feed additives are contraindicated while treating hypo-
motility disorders in calves. Similarly, β-carotene can interact with proton-pump inhibitors; therefore, they should not be supple-
mented to calves under the treatment for abomasal ulcers (Kedika et al., 2009). An additive effect was evidenced while subjecting the
pathogenic microbes isolated from calf’s respiratory tract to doxycycline and thymol essential oils (Kissels et al., 2017). Therefore, the
feed provided to the calves on antibiotic therapy should be thoroughly checked for any active PSMs to prevent the additive and
toxicity effects. The evidence and mechanism of different herb-drug interactions were well-reviewed by Fasinu et al. (2012).

Very few investigations were made on exploring counteractions among various constituents within a single herb or plant extract,
which have to be studied elaborately. Lack of well-developed analytical methods to quantify and identify the traceability of PSMs in
calves’ tissues is another concern. Further, the PSMs will have multiple actions, including antimicrobial, antioxidant, and immune-
modulating effects; therefore, beneficial responses of plant components on calves’ performance, if any, could not be attributed to
antimicrobial activity alone.

In case of flavor delivering extracts, it is hard to decide whether the improved performance is due to the beneficial effect of herbal
extracts or a food flavor effect on starter concentrate. In this regard, Hill et al. (2007) supplemented commercial herbal mixture
(apex) to milk or calf starter alone in two different experiments and found increased intake of calf starter in both the trials. The
composition of apex (contains anise, thyme, garlic, rosemary, and cassia) is well known to provide flavor effect to the calf starter, thus
enhancing the palatability and intake. However, the phenomenon of increased intake of calf starter, even on supplementation of Apex
to milk, proves that the beneficial effect of herbal additives on intakes could not be related to flavor alone.

No appropriate information is available on length of the supplementation, which is another indispensable component to be
managed while feeding the calves. Feeding for a small number of days could not guarantee the beneficial effect of any active
component because of the required adaptation period. An earlier adaptation of the rumen microbes to any PSM to be tested is possible
in case of feeding a diet containing similar PSMs before the commencement of in vivo study. But, it should also be noticed that
majority of the trials do not take history of the feed into account.

The persistence of positive effects is being questioned by commercial farmers from both production and economic points of view.
In an innovative study, the persistency of beneficial effects of herbal additives was tested by employing Eclipta alba (contains phy-
toestrogens) or Kutaki picorrhiza (contains iridoid glucosides and flavonoids) or a combination of both in 1:1 ratio at 0.44% of the DM
intake for a period of 30 days instead of the entire trial period (77 days). Results concluded that the herbal feed additives, either alone
or in combination, did not show any persistent beneficial effects on the buffalo calves, except during the period fed (Rani et al., 2006).

It was contended that the feeding trials should be conducted for long periods by using a large number of experimental animals
before validating any beneficial effects to recommend for field-level adaptation (Samal et al., 2015). But, the resistance of pathogenic
microbes is an unavoidable challenge to be considered while feeding for a longer duration. Recent studies on evaluating the efficacy
of few herbal extracts against common clinical isolates revealed microbial resistance to commonly used extracts from plants such as
Syzygium aromaticum (contains Eugyneol and β-caryophyllene) and Cinnamomum zeylanicum (contains Eugenol and Linalool)
(Vadhana et al., 2015). Development of resistance can be avoided by using different blends of antimicrobial plant extracts as either
feed additives or therapeutics (Ruiz et al., 2017). Further, proper guidance should be required to streamline the data collected for
analyzing the extent of antimicrobial resistance in food animals (EFSA, 2019).

Another forsaken focus is the delivery method of phytogenic compounds, which have to be essentially reviewed before supple-
menting as a feed additive. Microencapsulation of essential oils in a lipid matrix can lower their required effective dosage (Zhang
et al., 2005). Few PSMs such as phenylpropanoids possess mutagenic action, and therefore, the dose should be supervised while
supplementing at excessive levels within the diet (Wink, 2015). Further, the thermal stability of few compounds, such as essential
oils, should be carefully monitored while subjecting the calf starters to any of the processing methods (Olmedo et al., 2014). Fur-
thermore, it is noteworthy that any in vivo zoological effect of different plant metabolites is governed by bioavailability, which is a
poorly investigated component in calves, unlike poultry and swine.

Comparing diverse studies to arrive at a standard dosage is highly difficult as the results vary with breed, age, feed composition,
and environmental conditions. Principally, the efficacies of all PSM’s either alone or in combination have been assessed only under
experimental environments, which presumably could not reflect the field level animal husbandry conditions. One more ill-explored
theme is the safety of public health regarding the accumulation of secondary metabolites in beef or veal from the calves raised on
diets containing secondary metabolites. Terpene compounds preferably accumulate in perirenal and peritoneal fat, and the retention
of sesquiterpenes in tissues was measured in calves receiving essential oils (Serrano et al., 2007). This finding projects the necessity of
considering public health issues while feeding PSMs as feed additives. Furthermore, the profitability of plant extracts is questionable
because of the high input costs required for the extract preparation. Often, their usage does not furnish a profitable effect equivalent
to that of low-cost synthetic antibiotics.

7. Conclusion

From the antibiotic resistance perspective, administration of plant secondary metabolites to calves provides fascinating results

P.R.K. Reddy, et al. Animal Feed Science and Technology 264 (2020) 114469

14



apart from promoting antimicrobial stewardship. Although the published results of various in vivo trials in calves were inconsistent,
they display many favorable benefits. The individual results presented in the review warrant further confirmation by conducting
more in vivo studies. Further, the synergistic action of various bioactive components in delivering the health and performance
attributes have to be explored thoroughly by examining numerous combinations. These combinations should also need to be tested
for drug-herbal interactions before administering as a feed additive to calves, although they are placed under Generally Recognized
As Safe category by United States Food and Drug Administration. Moreover, several factors such as starter composition, quantity of
milk fed, management system, age of the calf, and status of rumen development have to be considered while evolving the optimum
herbal dosage for favorable results. Typically, the frugality data is not available, and hence the feasible and cost-effective herbal
formulas should be developed before employing them as feed additives for economically effective and sustainable calf rearing,
especially at field level.
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