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Abstract

Globally, ruminant production contributes immensely to the supply of the highest quality and quantity of proteins for human
consumption, sustenance of livelihoods, and attainment of food security. Nevertheless, the phasing out of antibiotics in animal
production has posed amyriad of challenges, including poor growth, performance and nutrient utilization, pathogen coloniza-
tion, dysbiosis, and food safety issues in ruminants. Probiotics (direct-fed microbials), comprising live microbial strains that
confer health and nutritional benefits to the host when administered in appropriate quantities, are emerging as a viable, safe,
natural and sustainable alternative to antibiotics. Although the mechanisms of action exerted by probiotics on ruminants are
not well elucidated, dietary probiotic dosage to ruminants enhances development and maturation, growth and performance,
milk production and composition, nutrient digestibility, feed efficiency, pathogen reduction, andmitigation of gastrointestinal
diseases. However, the beneficial response to probiotic supplementation in ruminants is not consistent, being dependent on
the microbial strain selected, combination of strains, dose, time and frequency of supplementation, diet, animal breed, physi-
ological stage, husbandry practice, and farm management. Nonetheless, several studies have recently reported beneficial
effects of probiotics on ruminant performance, health and production. This review conclusively re-iterates the need for probio-
tics inclusion for the sustainability of ruminant production. Considering the role that ruminants play in food production and
employment, global acceptance of sustainable ruminant production through supplementation with probiotics will undoubt-
edly ensure food security and food safety for the world.
© 2021 Society of Chemical Industry.
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INTRODUCTION
Apart from the production of high-quality protein in sufficient
quantities for human consumption, sustenance of livelihoods
(especially amongst rural dwellers) and contribution to food secu-
rity comprise the other important roles of animal husbandry and
production.1 Livestock also provide draught animal power to mil-
lions of disadvantaged, marginal and smallholder farmers, mostly
in developing countries, for both cultivation of farmlands and
small-scale transport. Also, the manure produced by these ani-
mals is often used as biofuel and biofertilizer.2,3 With the pro-
jected increase in the global population to nine billion people in
20504 and global economic growth and urbanization,5 the
increasing demand for livestock products, including meat, milk
and eggs, is putting immense pressure on the livestock industry
to continuously meet global expectations in production despite
scarce resources.2 There is a need for the development of a sus-
tainable global animal production that will make the most effi-
cient use of limited resources for the production of food and
conserving the environment.
The importance of ruminants in the production of high-quality

protein (meat and milk) and their ability to efficiently utilize
fibrous feeds cannot be overemphasized. In comparison with
other livestock species, ruminants are the primary food source

for humans, especially in the developing parts of the world most
affected by desertification and scarce fertile agricultural soils.6

Furthermore, ruminants occupy the largest land area globally
and have considerable influence on the environment through
their emission of greenhouse gases, including carbon dioxide,
methane and nitrous oxide.7,8 Over the years, antibiotics have
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been used in the livestock industry at both prophylactic and sub-
therapeutic levels to enhance animal production (growth perfor-
mance) and also to mitigate infectious diseases.9 Nevertheless,
with the phasing out of antibiotics in animal production, as a
result of immense public health concerns, including the presence
of drug residues in animal products,1,10,11 the emergence and
spread of resistance, and dysbiosis of gut microflora, there is a
need for the application of naturally safe alternatives that will
both improve animal growth performance as well as mitigate
infectious diseases.
Probiotics or direct-fed microbials (DFM) are now widely

accepted as safe and sustainable alternatives to antibiotics in ani-
mal production. The significant effects of probiotic supplementa-
tion as alternatives to antibiotics in animal production have been
reported, as reviewed previously.12 Probiotics can act by amelio-
rating enteric infections through the competitive exclusion of
pathogens, mitigating chronic inflammatory and allergic diseases
via immunomodulation and immune-stimulation, increasing
digestibility and nutrient assimilation, improving the intake of
dry matter to feed conversion ratio, reducing the emission of
greenhouse gases, promoting growth and health performance,
and improving ruminant meat and milk production.12-16 The
activities of probiotics can vary andmostly depend on both intrin-
sic and extrinsic factors, including the specific probiotic strain in
use, dose, host species, probiotic strain combination (for multi-
strain probiotics), environmental factors, husbandry practices
and farm management.1

This review examines current knowledge and the concept of
probiotic supplementation in ruminant production. It further
explores the mechanisms of action, as well as the specific influ-
ence that probiotics exert on ruminants, including development
and maturation, growth and performance, milk production and
composition, nutrient digestibility and feed efficiency, haemato-
biochemical parameters, pathogen reduction, and mitigation of
gastrointestinal diseases. The review also discusses the sources,
features and administration of ruminant probiotics, and, finally,
the inclusion of probiotics in the sustainability of ruminant pro-
duction as the biological strategy for global food security and
food safety.

PROBIOTICS: CONCEPT AND STRAINS
Concept of probiotics and their strains
Over the years, researchers have proposed many definitions for
the term "probiotic" based on the beneficial and health outcomes
obtained as a result of the application of certain microbial strain(s)
in different host species. Kollath, in 1953,17 initially used the term
"probiotic" to generally describe inorganic and organic sub-
stances that were considered to restore the health of malnour-
ished patients. Lilly and Stillwell, in 1965,18 further expanded the
term "probiotic" to mean "unknown substances" produced by cer-
tain ciliate protozoa, which enhanced the survival and develop-
ment of other protozoa. Subsequently, Parker, in 1974,19 further
included both living organisms and non-living substances in his
definition of probiotics to be "organisms and substances which
contribute to intestinal microbial balance". The increasing appli-
cation of probiotics in feed supplementation in livestock produc-
tion led to the reconsideration of probiotics as "alive microbial
feed supplement which beneficially affects the host animal by
improving its intestinal microbial balance".20 Other researchers
defined probiotics as "live cultures of microorganisms that are
deliberately introduced into the rumen to improve animal health

or nutrition".21 With the massive production and commercializa-
tion of probiotics for livestock production, the Food and Drug
Administration of the United States requires manufacturers of
livestock feeds to replace the term "probiotic" with the phrase
"direct-fed microbial" (i.e. DFM).22 DFM has been defined as "alive,
naturally occurring microorganisms that have been used to
improve the digestive function of livestock".23,24

The broader perspectives in the definition and concept of DFM
included a broad spectrum of microorganisms, such as bacteria,
yeast, fungi, fragments of microbial cells and microbial secre-
tions.25-29 Microbial strains used as DFM flourish in the rumen of
livestock and modulate the microflora and fermentation activities
to benefit the host.30 However, the increasing interest generated
in probiotic science and a progressive understanding of probiotic
action led to modification of the definition of a probiotic. The cur-
rent and widely accepted definition of the term probiotic was pro-
posed by a joint Food and Agriculture Organization and World
Health Organization working group, who defined probiotics as
"live microbial strains that, when administered in adequate
amounts, confer a health benefit on the host".31

In ruminant production, the specific probiotics used as DFM
include different bacterial and fungal species such as Bacillus, Bifi-
dobacterium, Enterococcus, Lactobacillus, Propionibacterium,
Megasphaera elsdenii and Prevotella bryantii, as well as strains of
Aspergillus and Saccharomyces, respectively.30,32 Nevertheless,
strains of lactic acid bacteria (LAB) including Lactobacillus, Bifido-
bacterium and Streptococcus, have gained predominance and
are mostly the widely used species as probiotic strains in the sup-
plementation of ruminant feed.33 It is noteworthy to add that
many of the microbial strains used as ruminant probiotics exist
naturally in the gastrointestinal tract of healthy animals but are
often disrupted by both intrinsic and extrinsic stress factors on
the host species.33

Ruminant probiotic products are usually comprised of mono-
and/ormulti-strains ormulti-species. Also, allochthonousmicroor-
ganisms, such as yeasts which are normally absent in the rumi-
nant gastrointestinal tract (GIT) are used as probiotics, mostly in
combination with microbial species such as Bifidobacterium and
Lactobacillus, which are regarded as indigenous inhabitants of
the ruminant gut.2 Probiotics mainly composed of bacteria are
effective in young ruminants, whereas studies have shown that
fungal probiotics exert their beneficial effects mostly in adult
ruminants.34

Ideal probiotic characteristics
There are many criteria for the selection of probiotics. First, micro-
bial strains to be used as probiotics must successfully pass differ-
ent in vitro evaluations before they can be approved for in vivo
use. An effective and ideal probiotic is expected to function effi-
ciently under a wide variety of conditions, including industrial
processes and also in the gastrointestinal tract. There are a variety
of parameters used for the screening and evaluation of probiotics,
depending on the intended purpose and application of themicro-
bial strain(s) in the target host(s).35,36

The initial and major step in the choice of a potential probiotic
strain is the identification of its taxonomic class, which may indi-
cate the domain and physiology of the specific strain. These fea-
tures have immense effects on the choice of potential and novel
probiotic strains.37 Nevertheless, the effectiveness exhibited by a
microbial strain intended for use as a probiotic is more important
than the origin or source of such a strain.31 Also, because a single
probiotic strain is unlikely to possess all the equally suitable health
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benefits, combining suitable multiple strains with synergistic
effects is often better.38

The microbial strain(s) to be used as probiotic either for humans
or animals must be (i) identified to species and strain levels;
(ii) examined for antimicrobial susceptibility; (iii) characterized
for antimicribial production; (vi) examined for toxicity and patho-
genicity; and (v) compatible with other authorized addiditives
(where necessary).39

Probiotic sources and administration in ruminants
The source and origin of probiotic strains are directly dependent
on the intended use and application of such probiotics. Generally,
probiotics can be of animal or human origin or from food sources
such as raw milk or fermented foods.40 It was reported that the
microflora of neonatal animals reflects the bacterial composition
that they consumed primarily from fresh maternal milk. As such,
ruminants' milk may be a repository of natural microbiota and
could be used primarily for probiotics isolation. Furthermore,
microbial strains intended to be used as probiotics should be
appropriately isolated and identified before use.41,42 Neverthe-
less, a report on probiotics from the Food and Agriculture Organi-
zation31 rated the specificity and functionality of probiotic action
above the source of probiotic microorganisms.
Probiotics can be administered through different routes. How-

ever, oral and vagina routes are often used.43 The major route
for the administration of probiotics in ruminants is via the oral
cavity.44-48 Additionally, recent studies report probiotics adminis-
tration through the vaginal of ruminants. For example, Deng
et al.49 administered a mixture of lactic acid bacteria (LAB) probio-
tics to periparturient cows through intravaginal infusion.

MODE OF PROBIOTIC ACTION IN
RUMINANTS
The advent of high-throughput molecular techniques has made it
easier to obtain a better understanding of the diversity andmech-
anisms of action of probiotic strains in their host. The detailed
mechanisms of probiotic action in ruminants have not been
clearly and fully understood to date. However, several studies
have illustrated somemajor processes used by probiotics in exert-
ing their benefits on ruminants.44,45,50,51 These mechanisms are
specific to bacterial and fungal probiotics or their combinations.

Bacterial probiotics
As previously stated, strains of Bifidobacterium and Lactobacillus
spp. are the major bacterial probiotics used in ruminant diets.
The mode of action of these bacterial strains used as ruminant
probiotics solely depends on the specific strain(s) of bacteria
selected, dosages, frequencies and times of supplementation,
and, to some extent, farmmanagement. Although some probiotic
strains act mainly with the rumen, other specifically impact the
GIT of ruminants.52

Bacterial probiotic action within the ruminant rumen
Although not well elucidated, the action of probiotics within the
rumen primarily depends on the LAB and lactic acid utilizing bac-
teria (LUB).53 LAB produce organic acids that beneficially mitigate
acidosis within the rumen, most especially in dairy cows by stim-
ulating the growth of beneficial microbes and LUB.29,54 LUB act by
decreasing lactic acid concentration within the rumen hence,
maintaining a steady pH in the rumen. When ruminants feed on
fermentable diets, lactate is produced in large amounts in their

rumen.55 Certain bacteria, such as Megasphaera elsdenii, utilize
the accumulated lactate, thereby impeding acidosis, which may
be detrimental to the animal.56 Ruminants harbor Propionibacteria
in great numbers within their rumen, and these bacteria effi-
ciently act on ruminant diets that are composed mainly of forage
and concentrate.55 Strains of Propionibacteria improve fermenta-
tion with a consequential increase in the production of propio-
nate in the rumen.57 During ruminal fermentation in early
lactation, Propionibacteria convert lactate to propionate,55 which
leads to an increased production of liver glucose, making sub-
strates available for lactose synthesis, hence reducing ketosis at
the same time as improving energy efficiency.57,58 Propionate
accounts for the release of approximately 61–67% of glucose in
lactating cows and growing ruminants.59 The decrease in the
emission of greenhouse gas, especially methane, by ruminants
has been reported to be the result of an increase in ruminal propi-
onate.60 Although not well understood, Ghorbani et al.61 reported
that the inclusion of Propionibacteria strains as DFM in ruminants'
diets decreased the numbers of amylolytic bacteria at the same
time as increasing the population of Entodinium (protozoa) in
the rumen of feedlot steers.
The overall efficiency and functionality of bacterial strains used

as ruminant probiotics, either as mono- and/or multi-strains or
species, can mostly be determined by their effect on the micro-
flora in the rumen.62,63 Furthermore, major environmental factors,
including the quantity of lactic acid and volatile fatty acids (VFA),
as well as pH, also determine the survival of microbes in the
rumen.64,65

Bacterial probiotic action within post-ruminal GIT
Over the years, researchers have extensively explored the benefits
exerted by bacterial probiotics and their mechanisms of action on
the post-ruminal GIT.30 The major modes of probiotic action
within the post-ruminal GIT are as discussed below.

(1) Competitive exclusion of pathogens from adhering to intesti-
nal mucosa. One of the mechanisms considered to be the
most important and beneficial, which is exhibited by probiotic
bacteria, is the competitive exclusion of pathogens.66 This is
based on the ability of bacteria to interact with each other
and compete for nutrients and adhesion sites on the intestinal
mucosa. Beneficial bacteria gain competitive advantage by
modifying and rendering their microenvironment unsuitable
for their competitors, mostly pathogens.67 Frizzo et al.68

showed how LAB used as probiotics adhered to the gut and
protected animals against Salmonella. Also, the adhesion of
enteropathogenic Escherichia coli and enterotoxigenic Klebsi-
ella pneumoniae to intestinal mucosa were significantly
reduced through the inclusion of Lactobacillus rhamnosus
(Lcr35) as DFM.69

(2) Secretion of antimicrobial substances. Once probiotic strains
are established within the gut, they can synthesize substances
with either bacteriostatic or bactericidal properties such as
bacteriocins, hydrogen peroxide and short chain fatty acids,
as well as several organic acids. These substances secreted
by probiotics, as well as the lowered intestinal pH, are detri-
mental and harmful to intestinal pathogens.70 Bacteriocins
antagonize pathogens within the GIT by interfering with
DNA replication of target pathogens.71 Most bacterial species,
including Bacillus spp., LAB and bifidobacteria used as
probiotics,72,73 are capable of producing several types of ther-
mostable bacteriocins74 with a wide range of antimicrobial
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activity against potential animal pathogens including Bacillus
cereus, Staphylococcus, Enterococcus, Listeria and different spe-
cies of Salmonella.75

(3) Immunomodulation and immune-stimulation. The immune
system component of the gut, which protects the host from
different types of antigens in the lumen of the GIT, can be
affected by probiotics. Probiotic action within the intestinal
tract modulates both the innate and adaptive immunity of
the animal.2 The ability of probiotics to adhere to the intestinal
mucosa creates a natural barrier against potential pathogens
and, in some instances, enhances the host immunity. Probio-
tics stimulate the immune system by increasing the synthesis
and secretion of immunoglobulins, as well as macrophage
and lymphocyte activities, and also by stimulating
γ-interferon production.24 Lactobacillus casei Shirota and
L. rhamnosus Lr23 are known probiotics strains that stimulate
macrophages to secrete tumor necrosis factor-⊍when used in
ruminants.76 Although the pro-inflammatory effect exerted by
probiotics could positively impact the animal by mitigating
potential pathogens from the GIT, it could also pose a nega-
tive impact by creating a pro-inflammatory environment that
may damage the entire animal.

(4) Colonization resistance. Microorganisms colonizing the GIT
of neonatal ruminants generally originate from the adult.
These young ruminants become protected against intestinal
pathogens by these colonizing microorganisms. Neverthe-
less, the intensive ruminant production has reduced this
natural microbial colonization of the gut, hence rendering
animals more susceptible to pathogen challenges in the
GIT. In neonates, probiotics could mimic natural coloniza-
tion, or colonize adult animals, thus shielding the intestinal
mucosa from colonization by pathogenic organisms.2 The
presence of hydrophobic surface layer proteins in most pro-
biotic strains, especially Bifidobacterium and Lactobacillus
spp., enables them to adhere to the surface of their host
enterocytes.77 These adhering probiotic strains bind to cer-
tain receptor sites on the intestinal epithelium thereby pre-
venting pathogens from accessing and colonizing intestinal
epithelial cell surfaces.77,78

(5) Alteration in pathogenicity and virulence gene expression of
pathogens. Cell to cell communication in bacteria through
auto-inducers (secretory chemical signals) affects bacterial
physiology.79 Quorum sensing, one process of bacterial com-
munication, is also used for communication between bacteria
and their host.80 Through quorum sensing, probiotics can
influence the virulence and pathogenicity of pathogens. The
ability of enterohaemorrhagic E. coli serotype O157:H7 to
secrete extracellular autoinducer-2 was reported to be sustan-
tially inhibited by fermentation products from Lactobacillus
acidophilus La-5, which suppressed the expression of the locus
of enterocyte effacement (LEE) virulence gene in E. coli sero-
type O157:H7. Consequently, quorum sensing can become
disrupted so that colonization and pathogenesis by E. coli
serotype O157:H7 in the GIT is prevented.81 Using experimen-
tal rats, Lactobacillus salivarius decreased the expression of Lis-
teria monocytogenes virulence gene, listeriolysin O in
intestinal villi and Peyer's patches. Also, both Lactococcus lac-
tis and L. salivarius lowered the Listeria count in spleens.82

Likewise, Dong et al.83 reported repression in the expression
of three virulence genes of L. monocytogenes, including InlA,
InlB and prfA, after treatment with Lactobacillus plantarum
CICC6257.

Fungal and yeast probiotics
Because of the role of fungi in the stimulation of ruminal fermen-
tation, fungal probiotics have been used extensively in rumi-
nants.53 Strains of Saccharomyces and Aspergillus are the most
common fungal probiotics used in ruminants.52 The inclusion of
fungal-based probiotics in ruminant diets stabilizes the pH of
the rumen, with a significant increase in total VFAs and a reduc-
tion in the concentration of ammonia.26,84,85 The presence of
yeast in the rumen also stimulates the enzymatic activity and
growth of cellulolytic bacteria, in addition to improving the diges-
tion of high-fiber diets and microbial translation of mRNA to pro-
teins.86 The DFM have been shown to reduce the redox potential
in the rumen, thereby creating a desirable environment for the
growth and survival of strict anaerobic organisms that often
secrete vitamins, fatty acids and other factors stimulating ruminal
microbial biomass synthesis.87,88 The use of yeast DFM has been
shown to mitigate rumen acidosis, as well as enhance the activity
of LUB, especially Selenomonas ruminantium.89 When used as
ruminant probiotics, yeast mainly acts by improving the digestion
of high fiber and concentrate diets, enhancing feed efficiency and
also stimulating rumen fermentation.53,84 More work is needed to
fully unravel the detailed mechanisms of action used by fungal-
based probiotics in improving ruminant production.

PROBIOTICS IN RUMINANT NUTRITION
Effects of probiotics on ruminants
The application of probiotics in ruminants has yielded significant
results, especially with respect to boosting their health status, as
well as enhancing productivity and their general performance.
Researchers have concentrated more on the application of rumi-
nant probiotics in the pre-ruminant's life and, to some extent, in
adult ruminants. Over the years, studies have centered mostly
on aspects of ruminants' health, including the control of patho-
gen carriage, infectious disease mitigation (mostly entero-
diseases and mastitis), reduction of the severity of diarrhoea,
and economic parameters such as the reduction of feed intake
and feed conversion ratio. The dominant ruminant species inves-
tigated for probiotic applications are calves, goats and, to some
extent, lambs/ewes.

Development and maturation of ruminants
With the application of dietary supplementation of probiotics in
ruminants, several microbial strains, including Lactobacillus, Bifi-
dobacterium, Enterococcus, Streptococcus and Propionibacterium
spp., have been successfully used for promoting the health, devel-
opment and maturation of juvenile ruminants.23,68,71,90-92 The
enhancement of growth, development and maturation of neona-
tal ruminants as a result of probiotic supplementation has gained
increasedmerit in animal production.91 Neonatal calves are highly
vulnerable to pathogens before and during weaning. During
weaning, calves become highly susceptible to pathogen coloniza-
tion in their gut as a result of their immature gut microbiota and a
sudden change in feed composition.25,93 The rapid adaptation to
the change in feed composition and rapid colonization of benefi-
cial microorganisms within the GIT of calves is of immense impor-
tance in ruminant maturation and development.23 This crucial
developmental stage prevents the colonization of enteropatho-
gens within the GIT of calves. These enteropathogens are respon-
sible for diarrhoea in calves that can result in a huge economic
costs.23 Apart from the impact of colostrum (maternal first milk)
in ruminants, the introduction of probiotics into the immature
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GIT of young ruminants can promote health.91 At birth, microbial
colonization of the gut increases, and the maturation of gut
microflora and the intestinal mucosa proceeds gradually.94

Shortly after birth, calves receive beneficial microorganisms, such
as Lactobacillus spp., Enterococcus spp. and non-pathogenic E. coli
before the incorporation of other microbial strains (mainly anaer-
obes) into the forestomach gut.92 Maternal milk, maternal gut
microflora and the environment are the primary sources of probi-
otic microorganisms for neonatal calves.91,94 Maternal milk con-
tains antibodies, lactoferrin, κ-casein, oligosaccharides and other
proteins that stimulate the growth of Bifidobacterium spp. and
other probiotic microorganisms within the gut and also antago-
nize potential pathogens.95 The growth of these beneficial micro-
organisms in the gut facilitates the ability of young ruminants to
digest high fiber diets at the same time as supporting their overall
development and maturation91 (Table 1).

Growth and performance
The supplementation of ruminants with specific mono- and/or
multi-strain probiotics has been shown to significantly increase
their growth and overall performance, including daily body
weight, body weight gain and feed efficiency.23,30,96 Although
the effects of probiotics on the growth and performance of rumi-
nants may vary, scientific investigations suggest that an increase
and modulation of the intestinal microflora, as well as stimulation
of the activities of cellulolytic bacteria that enhance digestion and
absorption of nutrients, comprise the main modes of action
exhibited by probiotics aimed at promoting growth and
performance.25,85,97-99

The supplementation of cattle, goats and sheep with probiotics
has led to better performance, improved feed intake and effi-
ciency and weight gain.44,45,50,57,96,100 The inclusion of Pediococ-
cus acidilactici and Pediococcus pentosaceus in the diet of lambs
during the post-weaning period significantly improved their aver-
age daily weight gain (+25.2 g per lamb), final body weight
(+3.16 kg) and feed conversion ratio (FCR, −1.18).101 However,
the supplementation of small ruminants with probiotics can
improve FCR.56 Dietary inclusion of live yeast in beef cattle and
dairy cows reportedly improved FCR, average daily gain, feed
intake and final weight.25,57,100,102 The inclusion of multi-species
probiotics, containing Lactobacillus, Streptococcus, Aspergillus
and Saccharomyces cerevisiae, in the diet of growing lambs signif-
icantly increased the average daily weight gain by 7.2%.103 More-
over, Mudgal and Baghel104 reported a 31.4% increase in the
average daily weight gain of buffalo calves fed with diets contain-
ing L. acidophilus.
Nevertheless, some studies recently reported divergent find-

ings, showing that no effect was exerted on the growth and
performance of ruminants supplemented with probiotics.45,46,50

The difference in the microbial strains used as probiotics, the
number of cells used (dose), ruminant species and breed, envi-
ronmental factors, feeding practice, farm management, and
other variables may account for their contrary results.30,96 As
shown in Table 1, probiotic effects are species-specific and
host-dependent.43,105,106

Milk composition and milk production
The inclusion of probiotics in the feeding of livestockmay not only
improve health status, but may also ensure food security and food
safety.107 The supplementation of ruminants with probiotics has
been shown to increase milk production, milk quality and milk
composition, with a higher presence of functional components

such as protein, fat and solid non-fat and a lower count of somatic
cells.23,33,100,108,109 The inclusion of S. cerevisiae and Aspergillus
oryzae in the diets of dairy cows significantly increased milk pro-
duction, with a greater concentration of milk proteins.110 Ruminal
fermentation and milk production also improved when dairy
cows were supplemented with strains of Bacillus subtilis as probio-
tics.111,112 Also, Stella et al.113 reported a 14.0% increase in the
average daily milk yield among lactating Saanen dairy goats fed
with 4 × 109 cfu day–1 per animal of S. cerevisiae.
The overall findings of a meta-analysis on the effects of a

S. cerevisiae probiotic strain on milk production, feed intake and
the rumen fermentation of buffaloes, cattle, goats and sheep
showed a significant increase in milk yield.114 Similarly, there
was an approximate 8.0% increase (i.e. 1.1 kg day−1) of milk yield
by Tunisian Holstein Friesian cows supplemented with yeast pro-
biotics compared to the control.115 From the same experiment,
the probiotic supplemented cows had higher protein (41.7 g per
cow per day) and milk fat (53 g per cow per day) levels than the
control animals (38.7 and 47 g per cow per day). Different mech-
anisms have been reported to explain the increases inmilk yield in
response to probiotic supplementation. On the one hand, it has
been reported that increases in milk yield result from the ability
of probiotic strains to reduce inflammation of the udder and thus
suppress the number of somatic cells in milk.109 On the other
hand, other studies have postulated that improvements in milk
production and composition are the result of probiotics with
respect to stimulating growth and an increase in the population
of both fiber-degrading and cellulolytic-degrading bacteria116

(Table 1).

Feed efficiency and nutrient digestibility
Improvement in ruminant growth and overall performance as a
result of probiotic supplementation is often associated with
improvement in fiber degradation, feed intake, nutrient digestibil-
ity and ruminal digestion.23,117-119 As a complex carbohydrate and
usually non-digestible by mammalian enzymes, fiber, being the
major component of plants, is mainly composed of cellulose,
hemicellulose and lignin.120,121 Between 15% and 70% of diets
fed to ruminants are composed of cellulose and hemicellulose.122

The ability of probiotics to improve nutrient digestibility and feed
intake in ruminants may be attributed to the enhanced prolifera-
tion and growth of ruminal cellulolytic bacteria and the preven-
tion of acidosis in the rumen.123 The supplementation of
lactating cows with yeast increased the frequency of feed intake,
fiber degradation and nutrient digestibility in the rumen.25 Feed-
ing Awassi lambs with yeast culture has been reported to increase
the digestibility of dry matter (676 g kg−1), crude protein
(653 g kg−1), organic matter (683 g kg−1) and neutral detergent
fiber (which is the most commonmeasure of fiber used for animal
feed analysis) (561 g kg−1) compared to the control.124 Digestion
of acid and neutral detergent fiber, as well as levels of crude pro-
tein, improved after lactating Holstein cows were supplemented
with a diet containing strains of Lactobacillus acidophilus NP51
and Propionibacterium freudenreichii NP24.125 Azzaz et al.126

reported improved digestibility of organic matter, dry matter,
crude fiber, crude protein and nitrogen-free extract in goats fed
with diets containing L. acidophilus and Aspergillus awamori. The
inclusion of dried live yeast significantly improved the digestibility
of fiber, dry matter and crude protein in lambs fed diets com-
prised of concentrates and roughages at a 60:40 ratio in the dry
matter.127 Nevertheless, variations in probiotic species and
strains, dosage, feed composition, feeding systems and
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frequency, animal species, animal age and physiological state,
environmental conditions, etc., can influence the effectiveness
of probiotics in the improvement of nutrient digestibility and feed
intake in ruminants2,127 (Table 1).

Pathogen reduction and gastrointestinal disease mitigation
Apart from the fact that some ruminants are the primary reservoir
host for some foodborne pathogens, outbreaks of some human
diseases are linked to some ruminant species.1,120,128 The trans-
mission of these zoonotic pathogens from ruminants to humans
constitute a serious public health problem with huge global eco-
nomic loss.1,128 In the last decade, scientists have increasingly
sought out healthy and safe agricultural practices in livestock pro-
duction, aimed at reducing the carriage of gut pathogens, their
release unto the environment and their transmission to humans.
Major zoonotic pathogens that have been targeted are E. coli,
E. coli O157, Campylobacter, Enterococcus, Listeria, Salmonella
and Shigella spp.25,128 The dietary inclusion of probiotics has been
shown to reduce the enteric colonization of pathogens in rumi-
nants, which enhance overall animal health, as well as prevent
human transmission and environmental contamination2,30,129,130

(Table 2).
LAB, especially strains of L. acidophilus, used in feedlot cattle

have been shown to significantly reduce the carriage and shed-
ding of E. coli O157 and Salmonella enterica.131 Shedding of
E. coli O157:H7 was reduced in cattle after the dietary inclusion
of a multi-strain probiotic containing L. acidophilus and
P. freudenreichii.129 Strains of LAB are most effective in reducing
the carriage of gut pathogens in ruminants.128 Incidences of diar-
rhoea and other diseases of the GIT that result in weight loss in
young ruminants (especially lambs and calves) have been shown
to subside after the application of LAB.30,64,132 Stress in ruminants
may cause an imbalance in the gut microflora or dysbiosis, which
may be controlled through the administration of probiotics.2 The
application of dietary probiotics in livestock production not only
reduces pathogen carriage and gut disease, but also further limits
the risk of human infections with foodborne pathogens.130

Haemato-biochemical parameters and metabolites
There are conflicting reports on the effects of probiotics on
haemato-biochemical parameters and metabolites levels in rumi-
nants. Although some studies show no difference in glucose con-
centration in lambs supplemented with probiotic,51,133 Antunović
et al.134 and Bruno et al.135 reported significant decreases in glu-
cose concentrations. Conversely, probiotic supplementation of
lactating ewes and lambs significantly increased the concentra-
tion of glucose.126,136 It was reported previously that the relation-
ship existing between blood glucose levels and probiotic
inclusion is dose-dependent.137 Cetin et al.138 observed a statisti-
cal increase in erythrocyte sedimentation rate, haemoglobin con-
centration and haematocrit values in animals supplemented with
probiotics. The supplementation of either single strains of L. lactis
and L. plantarum or their combination as multi-strain probiotics
significantly increased total red blood cell counts and haemoglo-
bin concentration in the blood.139 The dietary inclusion of probio-
tics positively influenced haematopoiesis, which, amongst others,
benefits increases in total white blood cell counts, hence enhanc-
ing immune cells synthesis, further protecting the host against
invading pathogens.1,140

The findings from several studies revealed that supplementa-
tion with probiotics in animals may significantly improve the lipid
profile in the blood of ruminants.141 The supplementation of kids
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or lambs with probiotics was shown to decrease the concentra-
tions of triglycerides, total lipids, low-density lipoproteins and
non-esterified fatty acids in the blood of ruminants.142,143 Panda
et al.144 reported a significant reduction in total cholesterol and
triglycerides by dietary inclusion of 100 mg kg−1 diet of Lactoba-
cillus sporogenes probiotic in animals. Total cholesterol reduction
in probiotic supplemented animals could be the result of direct
assimilation of cholesterol by bacterial cells (which causes a
reduction in the cholesterol absorption and synthesis in the GIT),
3-hydroxy-3-methyl-glutaryl-CoA reductase inhibition and bile
salt hydrolysis.145,146 Furthermore, triglyceride reduction in probi-
otic treated animals may be a result of increased hydrolysis of bile
salts, which causes inadequate lipid absorption in the small intes-
tine.147 Strains of Lactobacillus are known to show high hydrolytic
activity of bile salts, which consequently leads to bile salt decon-
jugation within the GIT.148 Several studies have reported a
decrease in the concentration of certain blood metabolites
including urea and blood urea nitrogen when lambs were fed
with diets supplemented with probiotics.134135, Probiotic supple-
mentation in lambs increases the bacterial population in the
rumen, which may lead to improved utilization of nitrogen by
ruminal bacteria thereby reducing blood urea nitrogen concen-
tration135 (Table 2).

SUSTAINABILITY OF RUMINANT
PRODUCTION
The importance of ruminants in the production of high volumes
of meat and milk, which are important animal proteins for human
nutrition and health, and their ability to effectively use fibrous
non-digestible feed cannot be overemphasized.6 Despite an
increasing loss in soil fertility, desertification, erosion and drought,
the vast majority of people in the developing world primarily
depend on ruminants as their major food sources.149 However,
apart from this, the environmental impact of the emission of
greenhouse gases by ruminants and other problems associated
with their health and welfare constitutes a major global
challenge.7

With the continued global rise in the human population, the
supply of sufficient, high quality and safe food is threatened by
a myriad of factors.150 Food security and the sustainability of agri-
culture, especially livestock production, has become an immense
concern for both developed and developing countries of the
world.2 Considering the role that ruminants play both in the pro-
duction of human food and employment, there is an urgent need
to chart a new course of action that will lead to a sustainable
increase in the production of food of ruminant origin, as well as
improve the health and welfare of animals.6,151

The increased interest in organic farming and consumers' pref-
erence for chemical and/or antibiotic-free animal products will
lead to more sustainable and beneficial effects both in the live-
stock industry, as well as environmental and public health. Fur-
thermore, the inclusion of probiotics and other natural, safe and
novel feed sources in animal husbandry may lead to a significant
improvement in the production of food which will also be more
sustainable.152 Although plant- and cell-based food are becoming
more prevalent in human diets, ruminants are able to transform
plant material that is undigestible by humans into animal foods
of high nutritive value. If there is no global advancement for alter-
natives to the use of antibiotics in ruminant-based food produc-
tion systems, negative impacts on their productivity could occur,
leading to shortages in food production.149 Advantages from

the use of probiotics could extend to systems that do not rely
on the use of antibiotics, such as organic farming. Should the cur-
rent trend in human population increase continue, by 2050, there
will be less arable land, which will eventually create unhealthy
competition, overexploitation and a decline in biodiversity. As
such, an improvement and intensification of sustainable agricul-
ture and livestock production will be the only realistic solution
to meet human needs.149 The global acceptance of sustainable
ruminant production through supplementation with probiotics
may thus help maintain food security and food safety for the
world.

FUTURE DIRECTION AND CONCLUSIONS
The supplementation of ruminants with probiotics can contribute
immensely to improved growth, general performance and overall
health status. However, continuous in-depth, comprehensive and
encompassing in vivo studies that use high-throughput omic
technologies to fully decipher the mechanisms and effects
exerted by probiotics on ruminants and their role in improving
animal health and nutrition, as well as the subsequent effect on
the sustainability of food production, are needed. Also, the char-
acterization of metabolites secreted by probiotic strains and their
role in improving ruminants' health and nutrition should be
explored.

ACKNOWLEDGEMENTS
This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

REFERENCES
1 Gaggìa F, Mattarelli P and Biavati B, Probiotics and prebiotics in ani-

mal feeding for safe food production. Int J Food Microbiol 141:S15–
S28 (2010). https://doi.org/10.1016/j.ijfoodmicro.2010.02.031.

2 FAO, Probiotics in Animal Nutrition: Production, Impact and Regulation.
FAO, Rome (2016).

3 Smith J, Sones K, Grace D, MacMillan S, Tarawali S and Herrero M,
Beyond milk, meat, and eggs: role of livestock in food and nutrition
security. Anim Front 3:6–13 (2013). https://doi.org/10.2527/af.2013-
0002.

4 UN, 2018. United Nations (UN). 2019. Department of Economic and
Social Affairs. Population Division. World Population Prospects, the
2019 revision [Internet].

5 Herrero M, Wirsenius S, Henderson B, Rigolot C, Thornton P, Havlík P
et al., Livestock and the environment: what have we learned in the
past decade? Annu Rev Env Resour 40:177–202 (2015). https://doi.
org/10.1146/annurev-environ-031113-093503.

6 Eisler MC, LeeMRF, Tarlton JF andMartin GB, Steps to sustainable live-
stock. Nature 507:32–34 (2014). https://doi.org/10.1038/507032a.

7 Knapp JR, Laur GL, Vadas PA, Weiss WP and Tricarico JM, Invited
review: enteric methane in dairy cattle production: quantifying the
opportunities and impact of reducing emissions. J Dairy Sci
97:3231–3261 (2014). https://doi.org/10.3168/jds.2013-7234.

8 Ogbuewu IP, Okoro VM, Mbajiorgu EF and Mbajiorgu CA, Yeast (Sac-
charomyces cerevisiae) and its effect on production indices of live-
stock and poultry—a review. Comp Clin Path 28:669–677 (2019).
https://doi.org/10.1007/s00580-018-2862-7.

9 Wegener HC, Antibiotics in animal feed and their role in resistance
development. Curr Opin Microbiol 6:439–445 (2003). https://doi.
org/10.1016/j.mib.2003.09.009.

10 Jouany JP and Morgavi DP, Use of “natural” products as alternatives
to antibiotic feed additives in ruminant production. Animal
1:1443–1466 (2007). https://doi.org/10.1017/S1751731107000742.

11 Russell JB and Houlihan AJ, Ionophore resistance of ruminal bacteria
and its potential impact on human health. FEMSMicrobiol Rev 27:65–
74 (2003). https://doi.org/10.1016/S0168-6445(03)00019-6.

Influence of microbial probiotics on ruminant health and nutrition www.soci.org

J Sci Food Agric 2022; 102: 1319–1340 © 2021 Society of Chemical Industry. wileyonlinelibrary.com/jsfa

1335

https://doi.org/10.1016/j.ijfoodmicro.2010.02.031
https://doi.org/10.2527/af.2013-0002
https://doi.org/10.2527/af.2013-0002
https://doi.org/10.1146/annurev-environ-031113-093503
https://doi.org/10.1146/annurev-environ-031113-093503
https://doi.org/10.1038/507032a
https://doi.org/10.3168/jds.2013-7234
https://doi.org/10.1007/s00580-018-2862-7
https://doi.org/10.1016/j.mib.2003.09.009
https://doi.org/10.1016/j.mib.2003.09.009
https://doi.org/10.1017/S1751731107000742
https://doi.org/10.1016/S0168-6445(03)00019-6
http://wileyonlinelibrary.com/jsfa


12 Khan R, Ullah Khan R, Naz S, Dhama K, Karthik K, Tiwari R et al., Direct-
fed microbial: beneficial applications, modes of action and pros-
pects as a safe tool for enhancing ruminant production and safe-
guarding health. Int J Pharmacol 12:220–231 (2016). https://doi.
org/10.3923/ijp.2016.220.231.

13 Ayala DI, Cook PW, Franco JG, Bugarel M, Kottapalli KR, Loneragan GH
et al., A systematic approach to identify and characterize the effec-
tiveness and safety of novel probiotic strains to control foodborne
pathogens. Front Microbiol 10:1108 (2019). https://doi.org/10.3389/
fmicb.2019.01108.

14 Chichlowski M, Croom WJ, Edens FW, McBride BW, Qiu R, Chiang CC
et al., Microarchitecture and spatial relationship between bacteria
and ileal, cecal, and colonic epithelium in chicks fed a direct-fed
microbial, primaLac, and salinomycin. Poult Sci 86:1121–1132
(2007). https://doi.org/10.1093/PS/86.6.1121.

15 van Zyl WF, Deane SM and Dicks LMT, Bacteriocin production and
adhesion properties as mechanisms for the anti-listerial activity of
Lactobacillus plantarum 423 andEnterococcus mundtii ST4SA. Benef
Microbes 10:329–349 (2019). https://doi.org/10.3920/BM2018.0141.

16 Wilkins T and Sequoia J, Probiotics for gastrointestinal conditions: a
summary of the evidence. Am Fam Physician 96(3):170–178 (2017).

17 Kollath W, The increase of the diseases of civilization and their pre-
vention. Munch Med Wochenschr 95:1260–1262 (1953).

18 Lilly DM and Stillwell RH, Probiotics: growth-promoting factors pro-
duced by microorganisms. Science (80- ) 147:747–748 (1965).
https://doi.org/10.1126/science.147.3659.747.

19 Parker RB, Probiotics, the other half of the antibiotic story. Anim Nutr
Health 29:4–8 (1974).

20 Fuller R, Probiotics in man and animals. J Appl Bacteriol 66:365–378
(1989). https://doi.org/10.1111/j.1365-2672.1989.tb05105.x.

21 Kmet V, Flint HJ and Wallace RJ, Probiotics and manipulation of
rumen development and function. Arch Tierernahr 44:1–10 (1993).
https://doi.org/10.1080/17450399309386053.

22 Miles RD and Bootwala SM, Direct-fed microbials in animal
production—avian—a review, in Direct-Fed Microbial in Animal Pro-
duction. National Feed Ingredients Association, West Des Moines,
IA, pp. 117–146 (1991). https://doi.org/10.3382/ps.0750186.

23 Krehbiel C, Rust S, Zhang G and Gilliland S, Bacterial direct-fed micro-
bials in ruminant diets: performance response and mode of action.
J Anim Sci 81:E120–E132 (2003). https://doi.org/10.2527/2003.
8114_suppl_2E120x.

24 Yang Y, Iji PA and Choct M, Dietary modulation of gut microflora in
broiler chickens: a review of the role of six kinds of alternatives to
in-feed antibiotics. Worlds Poult Sci J 65:97–114 (2009). https://doi.
org/10.1017/S0043933909000087.

25 Chaucheyras-Durand F and Durand H, Probiotics in animal nutrition
and health. Benef Microbes 1:3–9 (2010). https://doi.org/10.3920/
BM2008.1002.

26 Elghandour MMY, Chagoyán JCV, Salem AZM, Kholif AE,
Castañeda JSM, Camacho LM et al., Effects of Saccharomyces cerevi-
siae at direct addition or pre-incubation on in vitro gas production
kinetics and degradability of four fibrous feeds. Ital J Anim Sci
13:3075 (2014). https://doi.org/10.4081/ijas.2014.3075.

27 O'Connor MH, Martin SA and Hill GM, Effects of Saccharomyces cerevi-
siae on in vitro mixed ruminal microorganism fermentation. Prof
Anim Sci 18:358–362 (2002). https://doi.org/10.15232/S1080-7446
(15)31546-1.

28 Oetzel GR, Emery KM, Kautz WP and Nocek JE, Direct-fed microbial
supplementation and health and performance of pre- and postpar-
tum dairy cattle: a field trial. J Dairy Sci 90:2058–2068 (2007). https://
doi.org/10.3168/jds.2006-484.

29 Yoon IK and Stern MD, Influence of direct-fed microbials on ruminal
microbial fermentation and performance of ruminants - a review.
Asian-Australas J Anim Sci 8:533–555 (1995). https://doi.org/10.
5713/ajas.1995.553.

30 Seo JK, Kim S-W, KimMH, Upadhaya SD, KamDK and Ha JK, Direct-fed
microbials for ruminant animals. Asian-Australas J Anim Sci 23:1657–
1667 (2010). https://doi.org/10.5713/ajas.2010.r.08.

31 FAO, Guidelines for the evaluation of probiotics in food, in Report of a
Joint FAO/WHO Working Group on Drafting Gidelines for the evalua-
tion of probiotics in food. FAO, London, Ontario, Canada (2002).
https://www.who.int/foodsafety/fs_management/en/probiotic_gui
delines.pdf?ua=1

32 Ezema C, Probiotics in animal production: a review. J Vet Med Anim
Health 5:308–316 (2013). https://doi.org/10.5897/JVMAH2013.0201.

33 Vibhute VM, Shelke RR, Chavan SD and Nage SP, Effect of probiotics
supplementation on the performance of lactating crossbred cows.
Vet World 4:557–561 (2011). https://doi.org/10.5455/vetworld.2011.
557-561.

34 KruisW, Frič P, Pokrotnieks J, LukášM, Fixa B, KaščákM et al., Maintain-
ing remission of ulcerative colitis with the probiotic Escherichia coli
Nissle 1917 is as effective as with standard mesalazine. Gut 53:
1617–1623 (2004). https://doi.org/10.1136/gut.2003.037747.

35 Russell P, Physiological and functional properties of probiotics (2008)
- by international dairy federation. Int J Dairy Technol 62:290–291
(2009). https://doi.org/10.1111/j.1471-0307.2009.00488.x.

36 Saarela M, Mogensen G, Fondén R, Mättö J and Mattila-Sandholm T,
Probiotic bacteria: safety, functional and technological properties.
J Biotechnol 84:197–215 (2000). https://doi.org/10.1016/S0168-
1656(00)00375-8.

37 Morelli L, In vitro assessment of probiotic bacteria: from survival to
functionality. Int Dairy J 17:1278–1283 (2007). https://doi.org/10.
1016/j.idairyj.2007.01.015.

38 Shanahan F, Probiotics: a perspective on problems and pitfalls, in
Scandinavian J. Gastroenterol. Taylor & Francis. 38:34–36 (2003).
https://doi.org/10.1080/00855910310001476.

39 EFSA FEEDAP Panel (EFSA Panel on Additives and Products or Sub-
stances usedin Animal Feed), Rychen G, Aquilina G, Azimonti G,
Bampidis V, Bastos ML et al., Guidance on the characterisation of
microorganismsused as feed additives or as production organisms.
EFSA J 16:5206 (2018). https://doi.org/10.2903/j.efsa.2018.5206.

40 Ravi N, Pravin DS, Khedkar CD and Ajay S, Selection criteria for probio-
tics: a review. Int J Probiotics Prebiotics 9:1–6 (2014).

41 Dash SK, Selection criteria for probiotics, in XXXVII Dairy Industry Con-
ference, Kala Academy, Panjim, Goa, 1–4, Feb 7–9, 2009, ed. by
Dash SK. Kala Academy, Panjim (2009). XXXVII Dairy Industry
Conference

42 Elmer GW, McFarland LV and McFarland M, The power of probiotics:
Improving your health with beneficial microbes, in The Power of Pro-
biotics: Improving Your Health with Beneficial Microbes. Taylor and
Francis, New York, USA (2013). https://doi.org/10.4324/9781315
821139.

43 Schrezenmeir J and de Vrese M, Probiotics, prebiotics, and synbiotics
- approaching a definition. Am J Clin Nutr 73:361s–364s (2001).
https://doi.org/10.1093/ajcn/73.2.361s.

44 Adjei-Fremah S, Ekwemalor K, Asiamah E, Ismail H andWorkuM, Tran-
scriptional profiling of the effect of lipopolysaccharide (LPS) pre-
treatment in blood from probiotics-treated dairy cows. Genomics
Data 10:15–18 (2016). https://doi.org/10.1016/j.gdata.2016.08.016.

45 Ekwemalor K, Adjei-Fremah S, Asiamah E, Ismail H andWorku M, 0167
exposure of bovine blood to pathogen associated and non patho-
gen associated molecular patterns results in transcriptional activa-
tion. J Anim Sci 94:81–81 (2016). https://doi.org/10.2527/jam2016-
0167.

46 Gyenai KB, Worku M, Tajkarimi M and Ibrahim S, Influence of probio-
tics on coccidia, H. contortus and markers of infection in goats.
Am J Anim Vet Sci 11:91–99 (2016). https://doi.org/10.3844/ajavsp.
2016.91.99.

47 Whitley NC, Cazac D, Rude BJ, Jackson-O'Brien D and Parveen S, Use
of a commercial probiotic supplement in meat goats. J Anim Sci
87:723–728 (2009). https://doi.org/10.2527/jas.2008-1031.

48 WorkuM, Adjei-Fremah S, Ekwemalor K, Asiamah E and Ismail H, 0130
growth and transcriptional profile analysis following oral probiotic
supplementation in dairy cows. J Anim Sci 94:61–61 (2016). https://
doi.org/10.2527/jam2016-0130.

49 Deng Q, Odhiambo JF, Farooq U, Lam T, Dunn SM and Ametaj BN,
Intravaginal probiotics modulated metabolic status and improved
milk production and composition of transition dairy cows1. J Anim
Sci 94:760–770 (2016). https://doi.org/10.2527/jas.2015-9650.

50 Ekwemalor K, Asiamah E, Osei B, Ismail H and Worku M, Evaluation of
the effect of probiotic administration on gene expression in goat
blood. J Mol Biol Res 7:88 (2017). https://doi.org/10.5539/jmbr.
v7n1p88.

51 Ding J, Zhou ZM, Ren LP and Meng QX, Effect of monensin and live
yeast supplementation on growth performance, nutrient digestibil-
ity, carcass characteristics and ruminal fermentation parameters in
lambs fed steam-flaked corn-based diets. Asian-Australas J Anim Sci
21:547–554 (2008). https://doi.org/10.5713/ajas.2008.70353.

52 Puniya AK, SalemAZM, Kumar S, Dagar SS, Griffith GW, PuniyaM et al.,
Role of live microbial feed supplements with reference to anaerobic

www.soci.org RC Reuben et al.

wileyonlinelibrary.com/jsfa © 2021 Society of Chemical Industry. J Sci Food Agric 2022; 102: 1319–1340

1336

https://doi.org/10.3923/ijp.2016.220.231
https://doi.org/10.3923/ijp.2016.220.231
https://doi.org/10.3389/fmicb.2019.01108
https://doi.org/10.3389/fmicb.2019.01108
https://doi.org/10.1093/PS/86.6.1121
https://doi.org/10.3920/BM2018.0141
https://doi.org/10.1126/science.147.3659.747
https://doi.org/10.1111/j.1365-2672.1989.tb05105.x
https://doi.org/10.1080/17450399309386053
https://doi.org/10.3382/ps.0750186
https://doi.org/10.2527/2003.8114_suppl_2E120x
https://doi.org/10.2527/2003.8114_suppl_2E120x
https://doi.org/10.1017/S0043933909000087
https://doi.org/10.1017/S0043933909000087
https://doi.org/10.3920/BM2008.1002
https://doi.org/10.3920/BM2008.1002
https://doi.org/10.4081/ijas.2014.3075
https://doi.org/10.15232/S1080-7446(15)31546-1
https://doi.org/10.15232/S1080-7446(15)31546-1
https://doi.org/10.3168/jds.2006-484
https://doi.org/10.3168/jds.2006-484
https://doi.org/10.5713/ajas.1995.553
https://doi.org/10.5713/ajas.1995.553
https://doi.org/10.5713/ajas.2010.r.08
https://www.who.int/foodsafety/fs_management/en/probiotic_guidelines.pdf?ua=1
https://www.who.int/foodsafety/fs_management/en/probiotic_guidelines.pdf?ua=1
https://doi.org/10.5897/JVMAH2013.0201
https://doi.org/10.5455/vetworld.2011.557-561
https://doi.org/10.5455/vetworld.2011.557-561
https://doi.org/10.1136/gut.2003.037747
https://doi.org/10.1111/j.1471-0307.2009.00488.x
https://doi.org/10.1016/S0168-1656(00)00375-8
https://doi.org/10.1016/S0168-1656(00)00375-8
https://doi.org/10.1016/j.idairyj.2007.01.015
https://doi.org/10.1016/j.idairyj.2007.01.015
https://doi.org/10.1080/00855910310001476
https://doi.org/10.2903/j.efsa.2018.5206
https://doi.org/10.4324/9781315821139
https://doi.org/10.4324/9781315821139
https://doi.org/10.1093/ajcn/73.2.361s
https://doi.org/10.1016/j.gdata.2016.08.016
https://doi.org/10.2527/jam2016-0167
https://doi.org/10.2527/jam2016-0167
https://doi.org/10.3844/ajavsp.2016.91.99
https://doi.org/10.3844/ajavsp.2016.91.99
https://doi.org/10.2527/jas.2008-1031
https://doi.org/10.2527/jam2016-0130
https://doi.org/10.2527/jam2016-0130
https://doi.org/10.2527/jas.2015-9650
https://doi.org/10.5539/jmbr.v7n1p88
https://doi.org/10.5539/jmbr.v7n1p88
https://doi.org/10.5713/ajas.2008.70353
http://wileyonlinelibrary.com/jsfa


fungi in ruminant productivity: a review. J Integr Agric 14:550–560
(2015). https://doi.org/10.1016/S2095-3119(14)60837-6.

53 Elghandour MMY, Salem AZM, Castañeda JSM, Camacho LM,
Kholif AE and Chagoyán JCV, Direct-fed microbes: a tool for improv-
ing the utilization of low quality roughages in ruminants. J Integr
Agric 14:526–533 (2015). https://doi.org/10.1016/S2095-3119(14)
60834-0.

54 Nocek JE, Kautz WP, Leedle JAZ and Allman JG, Ruminal supplemen-
tation of direct-fed microbials on diurnal pH variation and in situ
digestion in dairy cattle. J Dairy Sci 85:429–433 (2002). https://doi.
org/10.3168/jds.S0022-0302(02)74091-5.

55 Kung L, Taylor CC, Lynch MP and Neylon JM, The effect of treating
alfalfa with Lactobacillus buchneri 40788 on silage fermentation, aer-
obic stability, and nutritive value for lactating dairy cows. J Dairy Sci
86:336–343 (2003). https://doi.org/10.3168/jds.S0022-0302(03)
73611-X.

56 Robinson AKP, Yeast products for growing and lactating dairy cattle:
impact on rumen fermentation and performance. Dairy Rev 9:1–4
(2002). https://doi.org/10.3923/ajava.2012.366.375.

57 Stein DR, Allen DT, Perry EB, Bruner JC, Gates KW, Rehberger TG et al.,
Effects of feeding propionibacteria to dairy cows on milk yield, milk
components, and reproduction. J Dairy Sci 89:111–125 (2006).
https://doi.org/10.3168/jds.S0022-0302(06)72074-4.

58 Weiss WP, Wyatt DJ and McKelvey TR, Effect of feeding propionibac-
teria on milk production by early lactation dairy cows. J Dairy Sci
91:646–652 (2008). https://doi.org/10.3168/jds.2007-0693.

59 Huntington GB, High-starch rations for ruminant production dis-
cussed. Feedstuffs 12:13–23 (2000).

60 van Soest PJ, Nutritional Ecology of the Ruminant. Cornell University
Press, Ithaca (1994).

61 Ghorbani GR, Morgavi DP, Beauchemin KA and Leedle JAZ, Effects of
bacterial direct-fed microbials on ruminal fermentation, blood vari-
ables, and the microbial populations of feedlot cattle1,2. J Anim Sci
80:1977–1985 (2002a). https://doi.org/10.2527/2002.8071977x.

62 Chiquette J, Allison MJ and Rasmussen M, Use of Prevotella bryantii
25A and a commercial probiotic during subacute acidosis challenge
in midlactation dairy cows. J Dairy Sci 95:5985–5995 (2012). https://
doi.org/10.3168/jds.2012-5511.

63 Ghorbani GR, Morgavi DP, Beauchemin KA and Leedle JAZ, Effects of
bacterial direct-fed microbials and yeast on site and extent of diges-
tion, blood chemistry and subclinical ruminal acidosis in feedlot cat-
tle. J Anim Sci 81:1628–1640 (2003). https://doi.org/10.2527/2003.
8161628x.

64 Le OT, Dart PJ, Harper K, Zhang D, Schofield B, Callaghan MJ et al.,
Effect of probiotic Bacillus amyloliquefaciens strain H57 on productiv-
ity and the incidence of diarrhoea in dairy calves. Anim Prod Sci
57:912 (2017). https://doi.org/10.1071/AN15776.

65 Nagaraja TG and Titgemeyer EC, Ruminal acidosis in beef cattle: the
current microbiological and nutritional outlook. J Dairy Sci 90:E17–
E38 (2007). https://doi.org/10.3168/jds.2006-478.

66 Rolfe RD, The role of probiotic cultures in the control of gastrointesti-
nal health. J Nutr 130:396S–402S (2000). https://doi.org/10.1093/jn/
130.2.396s.

67 La Ragione RM, Narbad A, GassonMJ andWoodwardMJ, In vivo char-
acterization of Lactobacillus johnsonii FI9785 for use as a defined
competitive exclusion agent against bacterial pathogens in poultry.
Lett Appl Microbiol 38:197–205 (2004). https://doi.org/10.1111/j.
1472-765X.2004.01474.x.

68 Frizzo LS, Soto LP, Zbrun MV, Bertozzi E, Sequeira G, Armesto RR et al.,
Lactic acid bacteria to improve growth performance in young calves
fed milk replacer and spray-dried whey powder. Anim Feed Sci Tech-
nol 157:159–167 (2010). https://doi.org/10.1016/j.anifeedsci.2010.
03.005.

69 Forestier C, de Champs C, Vatoux C and Joly B, Probiotic activities of
Lactobacillus casei rhamnosus: in vitro adherence to intestinal cells
and antimicrobial properties. Res Microbiol 152:167–173 (2001).
https://doi.org/10.1016/S0923-2508(01)01188-3.

70 Fuller R, The chicken gut microflora and probiotic supplements.
J Poultry Sci 38:189–196 (2001). https://doi.org/10.2141/jpsa.
38.189.

71 Dicks LMT and Botes M, Probiotic lactic acid bacteria in the gastro-
intestinal tract: health benefits, safety and mode of action. Benef
Microbes 1:11–29 (2010). https://doi.org/10.3920/BM2009.0012.

72 Cheikhyoussef A, Pogori N, Chen W and Zhang H, Antimicrobial pro-
teinaceous compounds obtained from bifidobacteria: from

production to their application. Int J Food Microbiol 125:215–222
(2008). https://doi.org/10.1016/j.ijfoodmicro.2008.03.012.

73 Flynn S, van Sinderen D, Thornton GM, Holo H, Nes IF and Collins JK,
Characterization of the genetic locus responsible for the production
of ABP-118, a novel bacteriocin produced by the probiotic bacte-
rium lactobacillus salivarius subsp. salivarius UCC118. Microbiology
148:973–984 (2002). https://doi.org/10.1099/00221287-148-4-973.

74 Cotter PD, Hill C and Ross RP, Bacteriocins: developing innate immu-
nity for food. Nat Rev Microbiol 3:777–788 (2005). https://doi.org/10.
1038/nrmicro1273.

75 Rea MC, Clayton E, O'Connor PM, Shanahan F, Kiely B, Ross RP et al.,
Antimicrobial activity of lacticin 3147 against clinical Clostridium dif-
ficile strains. J Med Microbiol 56:940–946 (2007). https://doi.org/10.
1099/jmm.0.47085-0.

76 Matsuguchi T, Takagi A, Matsuzaki T, Nagaoka M, Ishikawa K,
Yokokura T et al., Lipoteichoic acids from Lactobacillus strains elicit
strong tumor necrosis factor alpha-inducing activities in macro-
phages through toll-like receptor 2. Clin Diagn Lab Immunol
10:259–266 (2003). https://doi.org/10.1128/CDLI.10.2.259-266.
2003.

77 Johnson-Henry KC, Hagen KE, Gordonpour M, Tompkins TA and
Sherman PM, Surface-layer protein extracts from lactobacillus helve-
ticus inhibit enterohaemorrhagic Escherichia coli O157:H7 adhesion
to epithelial cells. Cell Microbiol 9:356–367 (2007). https://doi.org/
10.1111/j.1462-5822.2006.00791.x.

78 Bernet MF, Brassart D, Neeser JR and Servin AL, Lactobacillus acidoph-
ilus LA 1 binds to cultured human intestinal cell lines and inhibits cell
attachment and cell invasion by enterovirulent bacteria. Gut
35:483–489 (1994). https://doi.org/10.1136/gut.35.4.483.

79 Waters CM and Bassler BL, Quorum sensing: cell-to-cell communica-
tion in bacteria. Annu Rev Cell Dev Biol 21:319–346 (2005). https://
doi.org/10.1146/annurev.cellbio.21.012704.131001.

80 Hughes DT and Sperandio V, Inter-kingdom signalling: communica-
tion between bacteria and their hosts. Nat Rev Microbiol 6:111–120
(2008). https://doi.org/10.1038/nrmicro1836.

81 Medellin-Peña MJ, Wang H, Johnson R, Anand S and Griffiths MW,
Probiotics affect virulence-related gene expression in Escherichia coli
O157:H7. Appl Environ Microbiol 73:4259–4267 (2007). https://doi.
org/10.1128/AEM.00159-07.

82 Lukic J, Jancic I, Mirkovic N, Bufan B, Djokic J, Milenkovic M et al., Lac-
tococcus lactis and Lactobacillus salivarius differently modulate early
immunological response of Wistar rats co-administered with Listeria
monocytogenes. Benef Microbes 8:809–822 (2017). https://doi.org/
10.3920/BM2017.0007.

83 Dong Q, Zhang W, Guo L, Niu H, Liu Q and Wang X, Influence of Lac-
tobacillus plantarum individually and in combination with low
O2-MAP on the pathogenic potential of Listeria monocytogenes in
cabbage. Food Control 107:106765 (2020). https://doi.org/10.1016/
j.foodcont.2019.106765.

84 Bakr HA, Hassan MS, Giadinis ND, Panousis N, Ostojic-Andric D, El-
Tawab A et al., Effect of Saccharomyces cerevisiae supplementation
on health and performance of dairy cows during transition and early
lactation period. Biotechnol Anim Husbandry Biotehnologija u Stoc
31:349–364 (2015). https://doi.org/10.2298/bah1503349b.

85 Newbold CJ, Wallace RJ andMcintosh FM, Mode of action of the yeast
Saccharomyces cerevisiae as a feed additive for ruminants. Br J Nutr
76:249–261 (1996). https://doi.org/10.1079/bjn19960029.

86 Bomba A, Nemcová R, Gancarcíková S, Herich R, Guba P and
Mudronová D, Improvement of the probiotic effect of micro-
organisms by their combination with maltodextrins, fructo-
oligosaccharides and polyunsaturated fatty acids. Br J Nutr 88:S95–
S99 (2002). https://doi.org/10.1079/bjn2002634.

87 Chaucheyras-Durand F, Walker ND and Bach A, Effects of active dry
yeasts on the rumen microbial ecosystem: past, present and future.
Anim Feed Sci Technol 145:5–26 (2008). https://doi.org/10.1016/j.
anifeedsci.2007.04.019.

88 Jouany JP, Optimizing rumen functions in the close-up transition
period and early lactation to drive dry matter intake and energy bal-
ance in cows. Anim Reprod Sci 96:250–264 (2006). https://doi.org/10.
1016/j.anireprosci.2006.08.005.

89 Aslan V, Thamsborg S, Jørgensen R and Basse A, Induced acute rumi-
nal acidosis in goats treated with yeast (Saccharomyces cerevisiae)
and bicarbonate. Acta Vet Scand 36:65–77 (1995).

90 Newman KE and Jacques KA, Microbial feed additives for pre-rumi-
nants, in Biotechnology in Animal Feeds and Animal Feeding. Wiley-

Influence of microbial probiotics on ruminant health and nutrition www.soci.org

J Sci Food Agric 2022; 102: 1319–1340 © 2021 Society of Chemical Industry. wileyonlinelibrary.com/jsfa

1337

https://doi.org/10.1016/S2095-3119(14)60837-6
https://doi.org/10.1016/S2095-3119(14)60834-0
https://doi.org/10.1016/S2095-3119(14)60834-0
https://doi.org/10.3168/jds.S0022-0302(02)74091-5
https://doi.org/10.3168/jds.S0022-0302(02)74091-5
https://doi.org/10.3168/jds.S0022-0302(03)73611-X
https://doi.org/10.3168/jds.S0022-0302(03)73611-X
https://doi.org/10.3923/ajava.2012.366.375
https://doi.org/10.3168/jds.S0022-0302(06)72074-4
https://doi.org/10.3168/jds.2007-0693
https://doi.org/10.2527/2002.8071977x
https://doi.org/10.3168/jds.2012-5511
https://doi.org/10.3168/jds.2012-5511
https://doi.org/10.2527/2003.8161628x
https://doi.org/10.2527/2003.8161628x
https://doi.org/10.1071/AN15776
https://doi.org/10.3168/jds.2006-478
https://doi.org/10.1093/jn/130.2.396s
https://doi.org/10.1093/jn/130.2.396s
https://doi.org/10.1111/j.1472-765X.2004.01474.x
https://doi.org/10.1111/j.1472-765X.2004.01474.x
https://doi.org/10.1016/j.anifeedsci.2010.03.005
https://doi.org/10.1016/j.anifeedsci.2010.03.005
https://doi.org/10.1016/S0923-2508(01)01188-3
https://doi.org/10.2141/jpsa.38.189
https://doi.org/10.2141/jpsa.38.189
https://doi.org/10.3920/BM2009.0012
https://doi.org/10.1016/j.ijfoodmicro.2008.03.012
https://doi.org/10.1099/00221287-148-4-973
https://doi.org/10.1038/nrmicro1273
https://doi.org/10.1038/nrmicro1273
https://doi.org/10.1099/jmm.0.47085-0
https://doi.org/10.1099/jmm.0.47085-0
https://doi.org/10.1128/CDLI.10.2.259-266.2003
https://doi.org/10.1128/CDLI.10.2.259-266.2003
https://doi.org/10.1111/j.1462-5822.2006.00791.x
https://doi.org/10.1111/j.1462-5822.2006.00791.x
https://doi.org/10.1136/gut.35.4.483
https://doi.org/10.1146/annurev.cellbio.21.012704.131001
https://doi.org/10.1146/annurev.cellbio.21.012704.131001
https://doi.org/10.1038/nrmicro1836
https://doi.org/10.1128/AEM.00159-07
https://doi.org/10.1128/AEM.00159-07
https://doi.org/10.3920/BM2017.0007
https://doi.org/10.3920/BM2017.0007
https://doi.org/10.1016/j.foodcont.2019.106765
https://doi.org/10.1016/j.foodcont.2019.106765
https://doi.org/10.2298/bah1503349b
https://doi.org/10.1079/bjn19960029
https://doi.org/10.1079/bjn2002634
https://doi.org/10.1016/j.anifeedsci.2007.04.019
https://doi.org/10.1016/j.anifeedsci.2007.04.019
https://doi.org/10.1016/j.anireprosci.2006.08.005
https://doi.org/10.1016/j.anireprosci.2006.08.005
http://wileyonlinelibrary.com/jsfa


VCH Verlag GmbH,Weinheim, Germany, pp. 247–258 (2007). https://
doi.org/10.1002/9783527615353.ch12.

91 Niemiałtowski M, Schollenberger A and Kluciński W, Mucosal immu-
nity and the bovine entero-mammary link: evolutionary established
dialogue between antigen and arms of immune system, in Biology of
Growing Animals. Elsevier, 2:293–313 (2005). https://doi.org/10.
1016/S1877-1823(09)70046-3.

92 Thormar H, Patented non-antibiotic agents as animal feed additives.
Recent Pat Food Nutr Agric 4:155–168 (2012). https://doi.org/10.
2174/2212798411204020155.

93 Donovan DC, Franklin ST, Chase CCL and Hippen AR, Growth and
health of Holstein calves fed milk replacers supplemented with anti-
biotics or enteroguard. J Dairy Sci 85:947–950 (2002). https://doi.
org/10.3168/jds.S0022-0302(02)74153-2.

94 Isolauri E, Sütas Y, Kankaanpää P, Arvilommi H and Salminen S, Pro-
biotics: effects on immunity. Am J Clin Nutr 73:444s–450s (2001).
https://doi.org/10.1093/ajcn/73.2.444s.

95 Murphy K, Paul T, Mark W and Charles J, Janeway's Immunobiology,
8th edn. Garland Science, New York, NY (2012).

96 Adjei-Fremah S, Ekwemalor K, Asiamah EK, Ismail H, Ibrahim S and
Worku M, Effect of probiotic supplementation on growth and global
gene expression in dairy cows. J Appl Anim Res 46:257–263 (2018).
https://doi.org/10.1080/09712119.2017.1292913.

97 Guedes CM, Gonçalves D, Rodrigues MAM and Dias-da-Silva A, Effects
of a Saccharomyces cerevisiae yeast on ruminal fermentation and
fibre degradation of maize silages in cows. Anim Feed Sci Technol
145:27–40 (2008). https://doi.org/10.1016/j.anifeedsci.2007.06.037.

98 Hasunuma T, Kawashima K, Nakayama H, Murakami T, Kanagawa H,
Ishii T et al., Effect of cellooligosaccharide or synbiotic feeding on
growth performance, fecal condition and hormone concentrations
in Holstein calves. Anim Sci J 82:543–548 (2011). https://doi.org/10.
1111/j.1740-0929.2010.00861.x.

99 O'Hara AM and Shanahan F, Gut microbiota: Mining for therapeutic
potential. Clin Gastroenterol Hepatol 5:274–284 (2007). https://doi.
org/10.1016/j.cgh.2006.12.009.

100 Poppy GD, Rabiee AR, Lean IJ, Sanchez WK, Dorton KL and Morley PS,
A meta-analysis of the effects of feeding yeast culture produced by
anaerobic fermentation of Saccharomyces cerevisiae onmilk produc-
tion of lactating dairy cows. J Dairy Sci 95:6027–6041 (2012). https://
doi.org/10.3168/jds.2012-5577.

101 Saleem AM, Zanouny AI and Singer AM, Growth performance, nutri-
ents digestibility, and blood metabolites of lambs fed diets supple-
mented with probiotics during pre- and post-weaning period.
Asian-Australas J Anim Sci 30:523–530 (2017). https://doi.org/10.
5713/ajas.16.0691.

102 Lesmeister KE, Heinrichs AJ and Gabler MT, Effects of supplemental
yeast (Saccharomyces cerevisiae) culture on rumen development,
growth characteristics, and blood parameters in neonatal dairy
calves. J Dairy Sci 87:1832–1839 (2004). https://doi.org/10.3168/jds.
S0022-0302(04)73340-8.

103 Hillal H, El-Sayaad G and Abdella M, Effect of growth promoters (pro-
biotics) supplementation on performance, rumen activity and some
blood constituents in growing lambs. Arch Anim Breed 54:607–617
(2011). https://doi.org/10.5194/aab-54-607-2011.

104 Mudgal V and Baghel R, Effect of probiotic supplementation on
growth performance of pre-ruminant buffalo (Bubalus bubalis)
calves. Buffalo Bull 29:37–39 (2010).

105 Reuben RC, Roy PC, Sarkar SL, Alam RU and Jahid IK, Isolation, charac-
terization, and assessment of lactic acid bacteria toward their selec-
tion as poultry probiotics. BMC Microbiol 19:253 (2019). https://doi.
org/10.1186/s12866-019-1626-0.

106 Reuben RC, Roy PC, Sarkar SL, Rubayet Ul Alam ASM and Jahid IK,
Characterization and evaluation of lactic acid bacteria from indige-
nous raw milk for potential probiotic properties. J Dairy Sci
103:1223–1237 (2020). https://doi.org/10.3168/jds.2019-17092.

107 Song D, Ibrahim S and Hayek S, Recent application of probiotics in
food and agricultural science, in Probiotics. InTech, London, UK
(2012). https://doi.org/10.5772/50121.

108 Sretenovic L, Petrovic M, Aleksic S, Pantelic V, Katic V, Bogdanovic V
et al., Influence of yeast, probiotics and enzymes in rations on dairy
cows performances during transition. Biotechnol Anim Husb 24:33–
43 (2008). https://doi.org/10.2298/bah0806033s.

109 Xu H, HuangW, Hou Q, Kwok L y, Sun Z, Ma H et al., The effects of pro-
biotics administration on themilk production, milk components and

fecal bacteria microbiota of dairy cows. Sci Bull 62:767–774 (2017).
https://doi.org/10.1016/j.scib.2017.04.019.

110 Yu P, Huber JT, Theurer CB, Chen KH, Nussio LG and Wu Z, Effect of
steam-flaked or steam-rolled corn with or without Aspergillus ory-
zae in the diet on performance of dairy cows fed during hot weather.
J Dairy Sci 80:3293–3297 (1997). https://doi.org/10.3168/jds.S0022-
0302(97)76304-5.

111 Qiao GH, Shan AS, Ma N, Ma QQ and Sun ZW, Effect of supplemental
Bacillus cultures on rumen fermentation and milk yield in Chinese
Holstein cows. J Anim Physiol Anim Nutr (Berl) 94:429–436 (2010).
https://doi.org/10.1111/j.1439-0396.2009.00926.x.

112 Sun P, Wang JQ and Zhang HT, Effects of supplementation of Bacillus
subtilis natto Na and N1 strains on rumen development in dairy
calves. Anim Feed Sci Technol 164:154–160 (2011). https://doi.org/
10.1016/j.anifeedsci.2011.01.003.

113 Stella AV, Paratte R, Valnegri L, Cigalino G, Soncini G, Chevaux E et al.,
Effect of administration of live Saccharomyces cerevisiae onmilk pro-
duction, milk composition, blood metabolites, and faecal flora in
early lactating dairy goats. Small Rumin Res 67:7–13 (2007). https://
doi.org/10.1016/j.smallrumres.2005.08.024.

114 Desnoyers M, Giger-Reverdin S, Bertin G, Duvaux-Ponter C and
Sauvant D, Meta-analysis of the influence of Saccharomyces cerevi-
siae supplementation on ruminal parameters and milk production
of ruminants. J Dairy Sci 92:1620–1632 (2009). https://doi.org/10.
3168/jds.2008-1414.

115 Maamouri O, Selmi H andM'Hamdi N, Effects of yeast (Saccharomyces
cerevisiae) feed supplement on milk production and its composition
in Tunisian Holstein Friesian cows. Sci Agric Bohem 45:170–174
(2014). https://doi.org/10.2478/sab-2014-0104.

116 Kritas SK, Govaris A, Christodoulopoulos G and Burriel AR, Effect of
Bacillus licheniformis and Bacillus subtilis supplementation of ewe's
feed on sheep milk production and young lambmortality. J Vet Med
Ser A Physiol Pathol Clin Med 53:170–173 (2006). https://doi.org/10.
1111/j.1439-0442.2006.00815.x.

117 Arowolo MA and He J, Use of probiotics and botanical extracts to
improve ruminant production in the tropics: a review. Anim Nutr 4:
241–249 (2018). https://doi.org/10.1016/j.aninu.2018.04.010.

118 El-Waziry AM and Ibrahim HR, Effect of Saccharomyces cerevisiae of
yeast on fiber digestion in sheep fed Berseem (Trifolium alexandri-
num) Hay and cellulase activity. Aust J Basic Appl Sci 1:379–385 (2007).

119 Kamel HEM, Sekine J, El-Waziry AM and YacoutMHM, Effect of Saccharo-
myces cerevisiae on the synchronization of organic matter and nitro-
gen degradation kinetics and microbial nitrogen synthesis in sheep
fed Berseem hay (Trifolium alexandrinum). Small Rumin Res 52:211–
216 (2004). https://doi.org/10.1016/j.smallrumres.2003.06.001.

120 Callaway ES and Martin SA, Effects of a Saccharomyces cerevisiae cul-
ture on ruminal bacteria that utilize lactate and digest cellulose.
J Dairy Sci 80:2035–2044 (1997). https://doi.org/10.3168/jds.S0022-
0302(97)76148-4.

121 Tungland BC and Meyer D, Nondigestible oligo- and polysaccharides
(dietary fiber): their physiology and role in human health and food.
Compr Rev Food Sci Food Saf 1:90–109 (2002). https://doi.org/10.
1111/j.1541-4337.2002.tb00009.x.

122 Moore KJ and Hatfield RD, Carbohydrates and forage quality, in For-
age Quality, Evaluation, and Utilization. American Society of Agron-
omy, Crop Science Society of America, Soil Science Society of
America, Madison, WI, pp. 229–280 (2015). https://doi.org/10.2134/
1994.foragequality.c6.

123 Arcos-García JL, Castrejón FA, Mendoza GD and Pérez-Gavilán EP,
Effect of two commercial yeast cultures with Saccharomyces cerevi-
siae on ruminal fermentation and digestion in sheep fed sugar cane
tops. Livest Prod Sci 63:153–157 (2000). https://doi.org/10.1016/
S0301-6226(99)00116-5.

124 Haddad SG andGoussous SN, Effect of yeast culture supplementation
on nutrient intake, digestibility and growth performance of Awassi
lambs. Anim Feed Sci Technol 118:343–348 (2005). https://doi.org/
10.1016/j.anifeedsci.2004.10.003.

125 Boyd J, West JW and Bernard JK, Effects of the addition of direct-fed
microbials and glycerol to the diet of lactating dairy cows on milk
yield and apparent efficiency of yield. J Dairy Sci 94:4616–4622
(2011).

126 Azzaz HE-DH, Farahat ESA and Murad HA, Impact of microbial feed
supplements on the productive performance of lactating nubian
goats. Global Vet 14:241–249 (2015).

www.soci.org RC Reuben et al.

wileyonlinelibrary.com/jsfa © 2021 Society of Chemical Industry. J Sci Food Agric 2022; 102: 1319–1340

1338

https://doi.org/10.1002/9783527615353.ch12
https://doi.org/10.1002/9783527615353.ch12
https://doi.org/10.1016/S1877-1823(09)70046-3
https://doi.org/10.1016/S1877-1823(09)70046-3
https://doi.org/10.2174/2212798411204020155
https://doi.org/10.2174/2212798411204020155
https://doi.org/10.3168/jds.S0022-0302(02)74153-2
https://doi.org/10.3168/jds.S0022-0302(02)74153-2
https://doi.org/10.1093/ajcn/73.2.444s
https://doi.org/10.1080/09712119.2017.1292913
https://doi.org/10.1016/j.anifeedsci.2007.06.037
https://doi.org/10.1111/j.1740-0929.2010.00861.x
https://doi.org/10.1111/j.1740-0929.2010.00861.x
https://doi.org/10.1016/j.cgh.2006.12.009
https://doi.org/10.1016/j.cgh.2006.12.009
https://doi.org/10.3168/jds.2012-5577
https://doi.org/10.3168/jds.2012-5577
https://doi.org/10.5713/ajas.16.0691
https://doi.org/10.5713/ajas.16.0691
https://doi.org/10.3168/jds.S0022-0302(04)73340-8
https://doi.org/10.3168/jds.S0022-0302(04)73340-8
https://doi.org/10.5194/aab-54-607-2011
https://doi.org/10.1186/s12866-019-1626-0
https://doi.org/10.1186/s12866-019-1626-0
https://doi.org/10.3168/jds.2019-17092
https://doi.org/10.5772/50121
https://doi.org/10.2298/bah0806033s
https://doi.org/10.1016/j.scib.2017.04.019
https://doi.org/10.3168/jds.S0022-0302(97)76304-5
https://doi.org/10.3168/jds.S0022-0302(97)76304-5
https://doi.org/10.1111/j.1439-0396.2009.00926.x
https://doi.org/10.1016/j.anifeedsci.2011.01.003
https://doi.org/10.1016/j.anifeedsci.2011.01.003
https://doi.org/10.1016/j.smallrumres.2005.08.024
https://doi.org/10.1016/j.smallrumres.2005.08.024
https://doi.org/10.3168/jds.2008-1414
https://doi.org/10.3168/jds.2008-1414
https://doi.org/10.2478/sab-2014-0104
https://doi.org/10.1111/j.1439-0442.2006.00815.x
https://doi.org/10.1111/j.1439-0442.2006.00815.x
https://doi.org/10.1016/j.aninu.2018.04.010
https://doi.org/10.1016/j.smallrumres.2003.06.001
https://doi.org/10.3168/jds.S0022-0302(97)76148-4
https://doi.org/10.3168/jds.S0022-0302(97)76148-4
https://doi.org/10.1111/j.1541-4337.2002.tb00009.x
https://doi.org/10.1111/j.1541-4337.2002.tb00009.x
https://doi.org/10.2134/1994.foragequality.c6
https://doi.org/10.2134/1994.foragequality.c6
https://doi.org/10.1016/S0301-6226(99)00116-5
https://doi.org/10.1016/S0301-6226(99)00116-5
https://doi.org/10.1016/j.anifeedsci.2004.10.003
https://doi.org/10.1016/j.anifeedsci.2004.10.003
http://wileyonlinelibrary.com/jsfa


127 Mousa K, El-Malky O, Komonna O and Rashwan SE, Effect of live dried
yeast supplementation on digestion coefficients, some rumen fer-
mentation, blood constituents and some reproductive and produc-
tive parameters in Rahmani sheep. J Anim Sci 8:291–303 (2012).
https://doi.org/10.1007/s11250-012-0257-3.

128 Stover MG, Watson RR and Collier RJ, Pre-and probiotic supplementa-
tion in ruminant livestock production, in Probiotics, Prebiotics, and
Synbiotics: Bioactive Foods in Health Promotion. Elsevier Inc.,
London, UK, pp. 25–36 (2016). https://doi.org/10.1016/B978-0-12-
802189-7.00002-2.

129 Sargeant JM, Amezcua MR, Rajic A and Waddell L, Pre-harvest inter-
ventions to reduce the shedding of E. coli O157 in the faeces of
weaned domestic ruminants: a systematic review. Zoonoses Public
Health 54:260–277 (2007). https://doi.org/10.1111/j.1863-2378.
2007.01059.x.

130 Wisener LV, Sargeant JM, O'Connor AM, Faires MC and Glass-
Kaastra SK, The use of direct-fed microbials to reduce shedding of
Escherichia coli O157 in beef cattle: a systematic review and meta-
analysis. Zoonoses Public Health 62:75–89 (2015). https://doi.org/
10.1111/zph.12112.

131 Younts-Dahl SM, Osborn GD, Galyean ML, Rivera JD, Loneragan GH
and Brashears MM, Reduction of Escherichia coli O157 in finishing
beef cattle by various doses of Lactobacillus acidophilus in direct-
fed microbials. J Food Prot 68:6–10 (2005). https://doi.org/10.4315/
0362-028X-68.1.6.

132 Jatkauskas J and Vrotniakiene V, Effects of probiotic dietary supple-
mentation on diarrhoea patterns, faecal microbiota and perfor-
mance of early weaned calves. Vet Med (Praha) 55:494–503 (2010).
https://doi.org/10.17221/2939-VETMED.

133 Galip N, Effect of supplemental yeast culture and sodium bicarbonate
on ruminal fermentation and blood variables in rams. J Anim Physiol
Anim Nutr (Berl) 90:446–452 (2006). https://doi.org/10.1111/j.1439-
0396.2006.00625.x.

134 Antunović Z, Šperanda M, Liker B, Šerić V, Senčić D, Domaćinović M
et al., Influence of feeding the probiotic Pioneer PDFM® to growing
lambs on performances and blood composition. Acta Vet Brno
55:287–300 (2005). https://doi.org/10.2298/AVB0504287A.

135 Bruno RGS, Rutigliano HM, Cerri RL, Robinson PH and Santos JEP,
Effect of feeding saccharomyces Cerevisiae on performance of dairy
cows during summer heat stress. Anim Feed Sci Technol 150:175–186
(2009). https://doi.org/10.1016/j.anifeedsci.2008.09.001.

136 Sayed A, Studies on the influences of pronifer as a probiotic on the
clinical, hematological and biochemical status of goat kids. Assiut
Vet Med J 99:131–143 (2003).

137 Samanya M and Yamauchi K, Histological alterations of intestinal villi
in chickens fed dried Bacillus subtilis var. natto. Comp Biochem Phy-
siol - A Mol Integr Physiol 133:95–104 (2002). https://doi.org/10.1016/
S1095-6433(02)00121-6.

138 Cetin N, Guclu BK and Cetin E, The effects of probiotic and mannano-
ligosaccharide on some haematological and immunological param-
eters in turkeys. J Vet Med A Physiol Pathol Clin Med 52:263–267
(2005). https://doi.org/10.1111/j.1439-0442.2005.00736.x.

139 Deraz S, Synergetic effects ofmultispecies probiotic supplementation
on certain blood parameters and serum biochemical profile of
broiler chickens. J Anim Health Prod 2003:27–34 (2018). https://doi.
org/10.1017/s1752756200013442.

140 LaFleur B and LaFleur D, Exploring Medical Language: A Student-
Directed Approach, 10th edn. Myrna LaFleur Brooks, Phoenix, USA
(2017).

141 Reuben RC, Sarkar SL, Ibnat H, Ali AH, Roy RC and Iqbal IJ, Novel multi-
strain probiotics reduces Pasteurella multocida induced fowl cholera
mortality in broilers. Sci Rep 11:8885 (2021) (2021). https://doi.org/
10.1038/s41598-021-88299-0.

142 Abas I, Kutay HC, Kahraman R, Toker NY, Özçelik D, Ates F et al., Effects
of organic acid and bacterial direct-feed microbial on fattening per-
formance of Kivircik-male yearling lambs. Pak J Nutr 6:149–154
(2007). https://doi.org/10.3923/pjn.2007.149.154.

143 Chiofalo V, Liotta L and Chiofalo B, Effects of the administration of
Lactobacilli on body growth and on themetabolic profile in growing
Maltese goat kids. Reprod Nutr Dev 44:449–457 (2004). https://doi.
org/10.1051/rnd:2004051.

144 Panda AK, Rama Rao SV, Raju MVLN and Sharma SR, Dietary supple-
mentation of lactobacillus sporogenes on performance and serum
Biochemico - lipid profile of broiler chickens. J Poultry Sci 43:235–
240 (2006). https://doi.org/10.2141/jpsa.43.235.

145 Fukushima M and Nakano M, The effect of a probiotic on faecal and
liver lipid classes in rats. Br J Nutr 73:701–710 (1995). https://doi.
org/10.1079/bjn19950074.

146 Mohan B, Kadirvel R, Natarajan A and Bhaskaran M, Effect of probiotic
supplementation on growth, nitrogen utilisation and serum choles-
terol in broilers. Br Poultry Sci 37:395–401 (1996). https://doi.org/10.
1080/00071669608417870.

147 Alkhalf A, Alhaj M and Al-Homidan I, Influence of probiotic supple-
mentation on blood parameters and growth performance in broiler
chickens. Saudi J Biol Sci 17:219–225 (2010). https://doi.org/10.1016/
j.sjbs.2010.04.005.

148 Surono IS, In vitro probiotic properties of indigenous dadih lactic acid
bacteria. Asian-Australas J Anim Sci 16:726–731 (2003). https://doi.
org/10.5713/ajas.2003.726.

149 Pulina G, Francesconi AHD, Stefanon B, Sevi A, Calamari L, Lacetera N
et al., Sustainable ruminant production to help feed the planet. Ital J
Anim Sci 16:140–171 (2017). https://doi.org/10.1080/1828051X.
2016.1260500.

150 Lambin EF, Global land availability: Malthus versus Riccardo. Global
Food Secur 1:83–87 (2012).

151 Goldberg AM, Farm animal welfare and human health. Curr Environ
Health Rep 3:313–321 (2016).

152 Atkinson C, Organic animal husbandry in Europe – current and future
challenges, in Organic Animal Husbandry across the World: Towards
an Action Plan for Development of Organic Animal Husbandry,
ed. by Schmid O, Chander M, Escosteguy A and Frueh B. IAHAIFOAM
Animal Husbandry Alliance, Schweiz, pp. 25–27 (2014).

153 Kowalski ZM, Górka P, Schlagheck A, Jagusiak W, Micek P and
Strzetelski J, Performance of Holstein calves fed milk-replacer and
starter mixture supplemented with probiotic feed additive. J Anim
Feed Sci 18:399–411 (2009). https://doi.org/10.22358/jafs/66409/
2009.

154 Salazar L, Nero L, Campos-Galvão M, Cortinhas C, Acedo T, Tamassia L
et al., Effect ofselected feed additives to improve growth and health
of dairy calves. PLoS One 14:e0216066 (2019). https://doi.org/10.
1371/journal.pone.0216066.

155 Roodposhti PM and Dabiri N, Effects of probiotic and prebiotic on
average daily gain, fecal shedding of Escherichia coli, and immune
system status in newborn female calves. Asian-Australas J Anim Sci
25:1255–1261 (2012). https://doi.org/10.5713/ajas.2011.11312.

156 Kafilzadeh F, Payandeh S, Gómez-Cortés P, Ghadimi D, Schiavone A
andMartínezMarín AL, Effects of probiotic supplementation onmilk
production, blood metabolite profile and enzyme activities of ewes
during lactation. Ital J Anim Sci 18:134–139 (2019). https://doi.org/
10.1080/1828051X.2018.1496040.

157 Yasuda K, Hashikawa S, Sakamoto H, Tomita Y, Shibata S and Fukata T,
A new synbiotic consisting of lactobacillus casei subsp. casei and
dextran improves milk production in holstein dairy cows. J Vet Med
Sci 69:205–208 (2007). https://doi.org/10.1292/jvms.69.205.

158 Stęczny K and Kokoszyński D, Effect of probiotic preparations
(EM) and sex on morphometric characteristics of the digestive sys-
tem and leg bones, and caecal microflora in broiler chickens.
J Appl Anim Res 48:45–50 (2020). https://doi.org/10.1080/
09712119.2020.1718680.

159 Tristant D andMoran CA, The efficacy of feeding a live probiotic yeast,
Yea-Sacc®, on the performance of lactating dairy cows. J Appl Anim
Nutr 3:1–16 (2015). https://doi.org/10.1017/jan.2015.10.

160 Beharka AA, Nagaraja TG and Morrill JL, Performance and ruminal
function development of young calves fed diets with Aspergillus
oryzae fermentation extract. J Dairy Sci 74:4326–4336 (1991).
https://doi.org/10.3168/jds.S0022-0302(91)78628-1.

161 Cruywagen CW, Jordan I and Venter L, Effect of Lactobacillus acidoph-
ilus supplementation of milk replacer on preweaning performance
of calves. J Dairy Sci 79:483–486 (1996).

162 Abe F, Ishibashi N and Shimamura S, Effect of administration of bifido-
bacteria and lactic acid bacteria to newborn calves and piglets.
J Dairy Sci 78:2838–2846 (1995). https://doi.org/10.3168/jds.S0022-
0302(95)76914-4.

163 Malik R and Bandla S, Effect of source and dose of probiotics and
exogenous fibrolytic enzymes (EFE) on intake, feed efficiency, and
growth of male buffalo (Bubalus bubalis) calves. Tropl Anim Health
Prod 42:1263–1269 (2010). https://doi.org/10.1007/s11250-010-
9559-5.

164 Nocek JE and Kautz WP, Direct-fed microbial supplementation on
ruminal digestion, health, and performance of pre- and postpartum

Influence of microbial probiotics on ruminant health and nutrition www.soci.org

J Sci Food Agric 2022; 102: 1319–1340 © 2021 Society of Chemical Industry. wileyonlinelibrary.com/jsfa

1339

https://doi.org/10.1007/s11250-012-0257-3
https://doi.org/10.1016/B978-0-12-802189-7.00002-2
https://doi.org/10.1016/B978-0-12-802189-7.00002-2
https://doi.org/10.1111/j.1863-2378.2007.01059.x
https://doi.org/10.1111/j.1863-2378.2007.01059.x
https://doi.org/10.1111/zph.12112
https://doi.org/10.1111/zph.12112
https://doi.org/10.4315/0362-028X-68.1.6
https://doi.org/10.4315/0362-028X-68.1.6
https://doi.org/10.17221/2939-VETMED
https://doi.org/10.1111/j.1439-0396.2006.00625.x
https://doi.org/10.1111/j.1439-0396.2006.00625.x
https://doi.org/10.2298/AVB0504287A
https://doi.org/10.1016/j.anifeedsci.2008.09.001
https://doi.org/10.1016/S1095-6433(02)00121-6
https://doi.org/10.1016/S1095-6433(02)00121-6
https://doi.org/10.1111/j.1439-0442.2005.00736.x
https://doi.org/10.1017/s1752756200013442
https://doi.org/10.1017/s1752756200013442
https://doi.org/10.1038/s41598-021-88299-0
https://doi.org/10.1038/s41598-021-88299-0
https://doi.org/10.3923/pjn.2007.149.154
https://doi.org/10.1051/rnd:2004051
https://doi.org/10.1051/rnd:2004051
https://doi.org/10.2141/jpsa.43.235
https://doi.org/10.1079/bjn19950074
https://doi.org/10.1079/bjn19950074
https://doi.org/10.1080/00071669608417870
https://doi.org/10.1080/00071669608417870
https://doi.org/10.1016/j.sjbs.2010.04.005
https://doi.org/10.1016/j.sjbs.2010.04.005
https://doi.org/10.5713/ajas.2003.726
https://doi.org/10.5713/ajas.2003.726
https://doi.org/10.1080/1828051X.2016.1260500
https://doi.org/10.1080/1828051X.2016.1260500
https://doi.org/10.22358/jafs/66409/2009
https://doi.org/10.22358/jafs/66409/2009
https://doi.org/10.1371/journal.pone.0216066
https://doi.org/10.1371/journal.pone.0216066
https://doi.org/10.5713/ajas.2011.11312
https://doi.org/10.1080/1828051X.2018.1496040
https://doi.org/10.1080/1828051X.2018.1496040
https://doi.org/10.1292/jvms.69.205
https://doi.org/10.1080/09712119.2020.1718680
https://doi.org/10.1080/09712119.2020.1718680
https://doi.org/10.1017/jan.2015.10
https://doi.org/10.3168/jds.S0022-0302(91)78628-1
https://doi.org/10.3168/jds.S0022-0302(95)76914-4
https://doi.org/10.3168/jds.S0022-0302(95)76914-4
https://doi.org/10.1007/s11250-010-9559-5
https://doi.org/10.1007/s11250-010-9559-5
http://wileyonlinelibrary.com/jsfa


dairy cattle. J Dairy Sci 89:260–266 (2006). https://doi.org/10.3168/
jds.S0022-0302(06)72090-2.

165 Raeth-Knight ML, Linn JG and Jung HG, Effect of direct-fed microbials
on performance, diet digestibility, and rumen characteristics of Hol-
stein dairy cows. J Dairy Sci 90:1802–1809 (2007). https://doi.org/10.
3168/jds.2006-643.

166 Keyser SA, McMeniman JP, Smith DR, MacDonald JC and Galyean ML,
Effects of Saccharomyces cerevisiae subspecies boulardii CNCM I-
1079 on feed intake by healthy beef cattle treated with florfenicol
and on health and performance of newly received beef heifers.
J Anim Sci 85:1264–1273 (2007). https://doi.org/10.2527/jas.2006-751.

167 Lehloenya KV, Krehblel CR, Mertz KJ, Rehberger TG and Spicer LJ,
Effects of propionibacteria and yeast culture fed to steers on nutri-
ent intake and site and extent of digestion. J Dairy Sci 91:653–662
(2008). https://doi.org/10.3168/jds.2007-0474.

168 Lascano GJ, Heinrichs AJ and Tricarico JM, Substitution of starch by
soluble fiber and Saccharomyces cerevisiae dose response on nutri-
ent digestion and bloodmetabolites for precision-fed dairy heifers1.
J Dairy Sci 95:3298–3309 (2012). https://doi.org/10.3168/jds.2011-
5047.

169 Arakaki LC, Stahringer RC, Garrett JE and Dehority BA, The effects of
feeding monensin and yeast culture, alone or in combination, on
the concentration and generic composition of rumen protozoa in
steers fed on low-quality pasture supplemented with increasing
levels of concentrate. Anim Feed Sci Technol 84:121–127 (2000).
https://doi.org/10.1016/S0377-8401(00)00108-5.

170 Miller-Webster T, Hoover WH, Holt M and Nocek JE, Influence of yeast
culture on ruminal microbial metabolism in continuous culture.
J Dairy Sci 85:2009–2014 (2002). https://doi.org/10.3168/jds.S0022-
0302(02)74277-X.

171 Pinloche E, McEwan N, Marden J-P, Bayourthe C, Auclair E and
Newbold CJ, The effects of a probiotic yeast on the bacterial diver-
sity and population structure in the rumen of cattle. PLoS One
8:e67824 (2013). https://doi.org/10.1371/journal.pone.0067824.

172 Uyeno Y, Shigemori S and Shimosato T, Effect of probiotics/prebiotics
on cattle health and productivity.Microbes Environ. Japanese Society
of Microbial Ecology 30:126–132 (2015). https://doi.org/10.1264/
jsme2.ME14176.

173 Lee SS, Ha JK and Cheng KJ, Influence of an anaerobic fungal culture
administration on in vivo ruminal fermentation and nutrient diges-
tion. Anim Feed Sci Technol 88:201–217 (2000). https://doi.org/10.
1016/S0377-8401(00)00216-9.

174 Saxena S, Sehgal JP, Puniya AK and Singh K, Effect of administration of
rumen fungi on production performance of lactating buffaloes.
Benef Microbes 1:183–188 (2010). https://doi.org/10.3920/BM2009.
0018.

175 Tripathi VK, Sehgal JP, Puniya AK and Singh K, Effect of administration
of anaerobic fungi isolated from cattle and wild blue bull
(Boselaphus tragocamelus) on growth rate and fibre utilization in
buffalo calves. Arch Anim Nutr 61:416–423 (2007). https://doi.org/
10.1080/17450390701556759.

176 Merrill ML, Bohnert DW, Harmon DL, Craig AM and Schrick FN, The
ability of a yeast-derived cell wall preparation to minimize the toxic
effects of high-ergot alkaloid tall fescue straw in beef cattle. J Anim
Sci 85:2596–2605 (2007). https://doi.org/10.2527/jas.2007-0075.

177 Lu Q, Wu J, Wang M, Zhou C, Han X, Odongo EN et al., Effects of die-
tary addition of cellulase and a Saccharomyces cerevisiae fermenta-
tion product on nutrient digestibility, rumen fermentation and
enteric methane emissions in growing goats. Arch Anim Nutr
70:224–238 (2016). https://doi.org/10.1080/1745039X.2016.116
3002.

178 Kumar DS, Prasad CS and Prasad RMV, Effect of yeast culture
(Saccharomyces cerevisiae) on ruminal microbial population in buf-
falo bulls. Buff Bull 32:209–215 (2013).

179 Jatkauskas J and Vrotniakien V, Effect of l. plantarum, pediococcus
acidilactici, enterococcus faecium and l. lactis microbial supplemen-
tation of grass silage on the fermen- tation characteristics in rumen
of dairy cows | semantic scholar. Vet Zootec 40:29–34 (2007).

180 Timmerman HM, Mulder L, Everts H, Van Espen DC, van der Wal E,
Klaassen G et al., Health and growth of veal calves fed milk replacers
with or without probiotics. J Dairy Sci 88:2154–2165 (2005). https://
doi.org/10.3168/jds.S0022-0302(05)72891-5.

181 Jukna C, Jukna V and Imkus S, The influence of probiotic Lactoamylo-
vorinumon the growth of calves. Vet Zootech 6:65–69 (2004).

182 Das KC and Singh AS, Economics of feeding lactic acid bacteria fed on
grainbased and grainless calf starter in calves. Indian J Anim Res
37:44–47 (2002).

183 Isik M, Ekımler F, O¨zen N and Firat M, Effects of using probiotics on
the growth performance and health of dairy calves | request PDF.
Turkish J Vet Anim Sci 28:63–69 (2004).

184 Bilik K, Strzetelski J, Osieglowski S andMilewski J, Effect ofvarious pro-
biotics on cow performance and milk composition. Rocz Nauk Zoo-
tech 27:169–177 (2000).

185 LemaM, Williams L and Rao DR, Reduction of fecal shedding of enter-
ohemorrhagic Escherichia coli O157:H7 in lambs by feeding micro-
bial feed supplement. Small Rumin Res 39:31–39 (2001). https://
doi.org/10.1016/S0921-4488(00)00168-1.

186 Elam NA, Gleghorn JF, Rivera JD, Galyean ML, Defoor PJ,
Brashears MM et al., Effects of live cultures of Lactobacillus acidoph-
ilus (strains NP45 and NP51) and Propionibacterium freudenreichii
on performance, carcass, and intestinal characteristics, and Escheri-
chia coli strain O157 shedding of finishing beef steers. J Anim Sci
81:2686–2698 (2003). https://doi.org/10.2527/2003.81112686x.

187 Roos TB, Tabeleão VC, Dümmer LA, Schwegler E, Goulart MA,
Moura SV et al., Effect of Bacillus cereus var. Toyoi and Saccharomy-
ces boulardii on the immune response of sheep to vaccines. Food
Agric Immunol 21:113–118 (2010). https://doi.org/10.1080/
09540100903443691.

188 Arthur TM, Bosilevac JM, Kalchayanand N, Wells JE, Shackelford SD,
Wheeler TL et al., Evaluation of a direct-fed microbial product effect
on the prevalence and load of escherichia coli 0157.-H7 in feedlot
cattle. J Food Prot 73:366–371 (2010). https://doi.org/10.4315/
0362-028X-73.2.366.

189 Görgülü M, Siuta A, Yurtseven S, Öngel E and Kutlu HR, Effect of pro-
biotics on growing performance and health of calves. Cuba J Agric
Sci 37:125–129 (2003). https://doi.org/10.3923/pjbs.2003.651.654.

190 Badiei A, Moosakhani F, Hamidi A and Sami M, The effect of Protexin
on prevention of ileocecal infection by Mycobacterium avium sub-
species paratuberculosis in dairy calves. J Dairy Sci 96:6535–6538
(2013). https://doi.org/10.3168/jds.2012-5535.

191 Younts-Dahl SM, Galyean ML, Loneragan GH, Elam NA and
Brashears MM, Dietary supplementation with lactobacillus- and
Propionibacterium-based direct-fed microbials and prevalence of
Escherichia coli O157 in beef feedlot cattle and on hides at harvest.
J Food Prot 67:889–893 (2004). https://doi.org/10.4315/0362-028X-
67.5.889.

192 Brashears MM, Galyean ML, Loneragan GH, Mann JE and Killinger-
Mann K, Prevalence of Escherichia coli O157:H7 and performance
by beef feedlot cattle given Lactobacillus direct-fed microbials.
J Food Prot 66:748–754 (2003). https://doi.org/10.4315/0362-028X-
66.5.748.

193 Ohya T, Akiba M and Ito H, Use of a trial probiotic product in calves
experimentally infected with Escherichia coli O157. Jpn Agric Res Q
35:189–194 (2001). https://doi.org/10.6090/jarq.35.189.

194 Ohya T, Marubashi T and Ito H, Significance of fecal volatile fatty acids
in shedding of Escherichia coli O157 from calves: experimental
infection and preliminary use of a probiotic product. J Vet Med Sci
62:1151–1155 (2000). https://doi.org/10.1292/jvms.62.1151.

195 Abu-Tarboush HM, Al-SaiadyMY and Keir El-Din AH, Evaluation of diet
containing lactobacilli on performance, fecal coliform, and lactoba-
cilli of young dairy calves. Anim Feed Sci Technol 57:39–49 (1996).
https://doi.org/10.1016/0377-8401(95)00850-0.

196 Wehnes CA, Novak KN, Patskevich V, Shields DR, Coalson JA, Smith AH
etal., Benefitsof supplementationofanelectrolytescour treatmentwith
abacillus-baseddirect-fedmicrobial forcalves.ProbioticsAntimicrobPro-
teins 1:36–44 (2009). https://doi.org/10.1007/s12602-008-9004-5.

www.soci.org RC Reuben et al.

wileyonlinelibrary.com/jsfa © 2021 Society of Chemical Industry. J Sci Food Agric 2022; 102: 1319–1340

1340

https://doi.org/10.3168/jds.S0022-0302(06)72090-2
https://doi.org/10.3168/jds.S0022-0302(06)72090-2
https://doi.org/10.3168/jds.2006-643
https://doi.org/10.3168/jds.2006-643
https://doi.org/10.2527/jas.2006-751
https://doi.org/10.3168/jds.2007-0474
https://doi.org/10.3168/jds.2011-5047
https://doi.org/10.3168/jds.2011-5047
https://doi.org/10.1016/S0377-8401(00)00108-5
https://doi.org/10.3168/jds.S0022-0302(02)74277-X
https://doi.org/10.3168/jds.S0022-0302(02)74277-X
https://doi.org/10.1371/journal.pone.0067824
https://doi.org/10.1264/jsme2.ME14176
https://doi.org/10.1264/jsme2.ME14176
https://doi.org/10.1016/S0377-8401(00)00216-9
https://doi.org/10.1016/S0377-8401(00)00216-9
https://doi.org/10.3920/BM2009.0018
https://doi.org/10.3920/BM2009.0018
https://doi.org/10.1080/17450390701556759
https://doi.org/10.1080/17450390701556759
https://doi.org/10.2527/jas.2007-0075
https://doi.org/10.1080/1745039X.2016.1163002
https://doi.org/10.1080/1745039X.2016.1163002
https://doi.org/10.3168/jds.S0022-0302(05)72891-5
https://doi.org/10.3168/jds.S0022-0302(05)72891-5
https://doi.org/10.1016/S0921-4488(00)00168-1
https://doi.org/10.1016/S0921-4488(00)00168-1
https://doi.org/10.2527/2003.81112686x
https://doi.org/10.1080/09540100903443691
https://doi.org/10.1080/09540100903443691
https://doi.org/10.4315/0362-028X-73.2.366
https://doi.org/10.4315/0362-028X-73.2.366
https://doi.org/10.3923/pjbs.2003.651.654
https://doi.org/10.3168/jds.2012-5535
https://doi.org/10.4315/0362-028X-67.5.889
https://doi.org/10.4315/0362-028X-67.5.889
https://doi.org/10.4315/0362-028X-66.5.748
https://doi.org/10.4315/0362-028X-66.5.748
https://doi.org/10.6090/jarq.35.189
https://doi.org/10.1292/jvms.62.1151
https://doi.org/10.1016/0377-8401(95)00850-0
https://doi.org/10.1007/s12602-008-9004-5
http://wileyonlinelibrary.com/jsfa

	Influence of microbial probiotics on ruminant health and nutrition: sources, mode of action and implications
	INTRODUCTION
	PROBIOTICS: CONCEPT AND STRAINS
	Concept of probiotics and their strains
	Ideal probiotic characteristics
	Probiotic sources and administration in ruminants

	MODE OF PROBIOTIC ACTION IN RUMINANTS
	Bacterial probiotics
	Bacterial probiotic action within the ruminant rumen
	Bacterial probiotic action within post-ruminal GIT

	Fungal and yeast probiotics

	PROBIOTICS IN RUMINANT NUTRITION
	Effects of probiotics on ruminants
	Development and maturation of ruminants
	Growth and performance
	Milk composition and milk production
	Feed efficiency and nutrient digestibility
	Pathogen reduction and gastrointestinal disease mitigation
	Haemato-biochemical parameters and metabolites


	SUSTAINABILITY OF RUMINANT PRODUCTION
	FUTURE DIRECTION AND CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES


