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ARTICLE INFO ABSTRACT

Host-rumen-microbe interactions are essential components of many physiological processes, and therefore can
affect ruminant health. Classical knowledge of rumen microbiology is based on culture-dependent methodolo-
Cattle gies, which only account for 10-20% of the rumen bacterial communities. While, the advancement in DNA
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Microbiome sequencing and bioinformatics platforms provide novel approaches to investigate the composition and dynamics
l;“men . of the rumen microbiota. Recent studies demonstrated that the ruminal ecosystem is highly diverse and harbors
equencing

numerous microbial communities. The composition of these microbial communities are affected by various
environmental factors such as nutrition and different management strategies. Disturbance in the microbial
ecology of the rumen is associated with the development of various diseases. Despite the flow of recent rumen-
based studies, rumen microbiota is still not fully characterized. This review provides an overview of recent
efforts to characterize rumen microbiota and its potential role in rumen health and disease. Moreover, the recent

effects of dietary interventions and probiotics on rumen microbiota are discussed.

1. Introduction

The bovine gastrointestinal tract is a complex ecosystem that is
responsible for overall ruminant health [1]. The resident microbial
populations in the rumen and their potential roles have been the focus
of extensive research in recent years. Advances in culture-independent
high-throughput sequencing technology have provided new opportu-
nities for improved phylogenetic analysis and detailed characterization
of gastrointestinal microbiota [2] [3] [4]. The bovine gastrointestinal
tract, including the rumen, was thought to be sterile at birth but is
rapidly colonized by bacteria from the surrounding environment within
the first 24 h of life [5].

Evolution of the rumen ecosystem occurs in the following precise
sequence: ruminal papillae growth [6], increase in the fermentation
carbohydrate and proteins [7], promotion of enzyme activity [8] and
modulation of microbial colonization [9]. Inadequate development of
the rumen results in poor absorption and less nutrient digestion,
whereas, complete rumen maturation facilitates feed digestion and in-
creases animal productivity. Development of the rumen microbiota are
influenced by various host factors including sex, age, host genetics [10],
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feeding strategy [11] and environmental exposures [12]. Despite the
differences in gut physiology among different species, the cattle gas-
trointestinal microbiome is assumed to be relevant to those of other
mammals [13] [14]. Recent metagenomics studies implicate the gut
microbiota as a microbial organ that influences host phenotype and
genotype [15] [16]. Therefore, an increased understanding of gut mi-
crobial diversity and microbiome-host interactions would provide re-
ference values for homeostatic communities and help to develop ef-
fective feeding strategies [17].

This review provides an overview of recent researches accomplished
to characterize the bovine gastrointestinal microbial communities and
its potential role in bovine health and disease. Additionally, recent
hypotheses regarding the effects of dietary intervention and probiotics
supplementation on the bovine rumen microbiome are also discussed.

2. Genomic tools for the characterization of rumen microbial
communities

The characterization of the composition and structure of rumen
microbial populations has relied on traditional culture-based
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approaches [18]. These approaches focus on easily cultured microbes
[19], and only detect 11% of the rumen bacterial population [20].
Considering the vast diversity and complexity of rumen ecosystems,
culture-based approaches are not suitable to fully understand changes
in microbial community composition and structure [21].

For efficient characterization of the composition of rumen micro-
biotas, the usefulness of high-throughput sequencing technologies for
understanding the potential role of microbial ecology throughout the
gastrointestinal tract has been highlighted [3]. For comparative
genomic studies, the 16S rRNA is the most frequently targeted gene to
investigate microbial ecosystems because this gene is present in all
prokaryotes and can be used for high-throughput data generation [22].
The current use of the 16S rRNA gene has revealed the complexity of
gastrointestinal ecosystem [23] and established correlations between
imbalances of gastrointestinal microbiota and their host health [24].

Several molecular based-techniques are used to assess the rumen
microbial population, including RNA dot blot hybridization, flow cy-
tometry [25], fluorescent in situ hybridization (FISH) [26] and quan-
titative real-time PCR assays [27]. Amongst these technologies, qPCR
and FISH are the most widely used because it provides information
about the specific site of luminal and mucosal population [26]. Fin-
gerprinting techniques [28], restriction fragment length polymorphism
analysis [29], denaturing gradient gel electrophoresis [30], and auto-
matic ribosomal intergenic spacer analysis have also been used to
characterize the complex populations at multiple gut locations [31].
These techniques are employed to identify the differences and simila-
rities in community structure but do not provide direct sequence in-
formation [32].

With advancement in high-throughput sequencing technologies,
thousands of sequences can now be produced and analyzed within a few
hours [33] [34] [35] [36]. Most high-throughput sequencing studies
conducted to date are based on 454 pyrosequencing [37] and the II-
lumina platform (San Diego, CA, USA) [33] [38] [39]. Other high-
throughput sequencing platforms that can be used includes Ion Torent,
SOLid and SMRT system [40]. To further characterize metagenome
functional potential, metabolic profiles (metabolomics), gene expres-
sion (metatranscriptomics) and protein products (metaproteomics)
should be assessed [41]. Application of these advanced techniques to
animal breeding and production might serve as the cornerstone for the
next-generation phenotyping required for the improvement of trait se-
lection programs [42]. Until now, the application of metatran-
scriptomics to study the active functional metagenome in rumen mi-
crobiome is limited [43] [44]. Although these techniques are complex
and have provided conflicting information, further advancements in
this field are expected.

3. Phylogenetic diversity of rumen microbial communities

The bovine rumen acts as a type of anaerobic fermentation chamber
in which rumen microbial communities synergistically interact with
one another [45]. The bovine rumen harbors diverse and complex po-
pulations of bacteria (up to 10'! viable cells/mL), ciliate protozoa
(10*-107 cell/mL), anaerobic fungi (10°-10° zoospores/mL), bacter-
iophages (107-10° particles/mL) and methanogens (10° cells/mL) [21].
Within this complex and diverse ecosystems, bacterial populations are
constitute the predominant community that responsible for the diges-
tion and transformation of plant fiber to short-chain volatile fatty acids
(VFAs), proteins and gasses [9]. VFAs are absorbed across the rumen
epithelium and serve as the primary carbon and energy sources sup-
porting animal maintenance and growth [46]. The produced gases are
used by archaea to generate methane, which is implicated in global
warming and contributes to eliminating the inhibitory effect of gases on
the fermentation process [47].

Traditionally, classical knowledge of the rumen microbial commu-
nities allowed the major bacterial species providing the primary nu-
tritional sources and carrying out the primary fermentation processes to
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be characterized [48]. Recently, advances in genomic deep-sequencing
platforms have provided beneficial and comprehensive coverage of
rumen microbial ecosystems, which has allowed us to distinguish the
predominant core microbiota and increased our potential to char-
acterize functionally important uncultured microbial populations [49].

Most of the rumen sequences available in GenBank up-to-date in-
dicate that the predominant phyla present in the rumen are Firmicutes
and Bacteroidetes, in addition to a variety of anaerobic protozoa, ar-
chaea, and fungi [50]. The prevalence of the Firmicutes and Bacteroidetes
phyla highlights their important roles in the rumen [51]. Each of these
phyla exhibits a specific role in plant cell wall deconstruction. For ex-
ample, the degradation capacity of Firmicutes is largely circumscribed to
the cell surface, whereas, the degradation of Bacteroidetes is largely
periplasmic or intracellular [52].

Most of the Firmicutes sequences are assigned to classes Clostridia,
Bacilli, and Erysipelotrichi. Within class Clostridia, the predominant fa-
milies include Lachnospiraceae, Ruminococcaceae, and Veillonellaceae.
The predominant genera include Butyrivibrio, Acetivibrio, Ruminococcus,
Succiniclasticum, Pseudobutyrivibrio, and Mogibacterium. In addition to
the predominant genera, several genera are rarely reported in the
rumen, including Syntrophococcus Lachnobacterium, Oribacterium,
Roseburia, Moryella, Papillibacter and Dialster [50]. Within class Bacilli,
the predominant genera were represented by the lactic acid-producing
bacteria such as Streptococcus and Carnobacterium [50].

Within phylum Bacteroidetes, most sequences are assigned to classes
Bacteroidia and Sphingobacteria, with Prevotella representing the pre-
dominant bacterial genus, potentially accounting for 60-70% of the
observed sequence diversity [53]. The ruminal Prevotella are important
for protein degradation and starch utilization in the rumen [54]. The
most abundant bacterial taxa identified in the rumen samples in se-
lected gastrointestinal microbiome studies are presented in Table 1.

In addition to the dominant bacterial species, the predominant
ruminal archaeal sequences belonged to phylum Euryarchaeota, and
more than 90% of archaeal sequences are represented by methane-
producing genera such as Methanobrevibacter [50]. The predominant
genera of protozoa that have been identified are Dasytricha, Entodinium,
Eudiplodinium, Ostracodinium, Diploplastron, Diplodinium, Epidinium,
Polyplastron and Ophryoscolex [55]. The predominant functionally im-
portant fungal genera are Neocallimastix, Piromyces, Anaeromyces, Cae-
comyces, Orpinomyces and Cyllamyces [18].

4. Potential role of the rumen microbial populations in bovine
health

The rumen ecosystem harbors sophisticated microbial communities
that play a vital role in gastrointestinal health. Host-microbe relation-
ships are described as competitive, cooperative or combinatorial [56],
all of which provide functional and metabolic capabilities that are re-
levant to host health and well-being [57]. The rumen microbiota can be
correctly considered a metabolic organ with protective, immunological,
developmental and nutritional functions [58] [59]. The protective
mechanisms of the gastrointestinal tract result from the interaction
between the resident microbial populations and the multilayer mucosal
epithelium, which can restrict the permeability of large molecules [60]
[61]. Rumen microbial equilibrium is achieved through the combina-
tion of different activities including; a constant supply of im-
munoglobulins [62], Toll-like receptors activity [63], peptidoglycan
recognition proteins [63], pattern recognition receptors [64], and an-
timicrobial peptide defensins [63]. Establishing a stable commensal
microbiota holds vast potential for the prevention of gastrointestinal
infection, resulting in improved animal production [65] and improve-
ments in efficiency and animal welfare [66]. Gut microbial commu-
nities also play an important role in shaping and maturation of the host
immune system [67] [68]. The resident gut microbiota could influences
drug metabolic activities and toxicity [69], dietary calorific bioavail-
ability [60] [70], improve response to epithelial cell injury [71] [13],
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Table 1
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The most abundant bacterial taxa in rumen samples of selected gastrointestinal microbiome studies.

Citation  16s rRNA Sequencing platform Most abundant bacterial taxa
Region

[9] V1-v3 454 pyrosequencing Prevotella, Oscillibacter, Coprococcus, unclassified Ruminococcaceae, and Butyrivibrio were abundant in liquid
fraction. While in solid fraction, Butyrivibrio and Blautia were significantly overrepresented.

[123] Vi-Vv3 454 GS-FLX Titanium Prevotella, Fibrobacter, Anaerovorax, Succinivibrio, Ruminococcus and Succiniclasticum were the most abundant.

[5] V3-V5 454 pyrosequencing In 14-day old calves, the predominant genera were Prevotella, Bacteroides, Oscillibacter, Paraprevotella,
Butyricimonas, and Pelistega. In 42 old calves, the abundant genera were Bacteroides, Porphyromonas,
Prevotella, Butyricimonas and Coprococcus. In 12-month-old calves fed a hay diet, Prevotella, Butyrivirbio,
Treponema, Acetivibrio, Sporobacter, Coprococcus and Fibrobacter were the most abundant.

[5] V3— V5 454 GS-FLX Titanium Prevotella, Succiniclasticum, Fibrobacter, Ruminococcus, and Treponema were dominant. Exogenous butyrate

pyrosequencing infusion resulted in a drastic reduction in Prevotella and significant increase in the Treponema, Ruminobacter.

[54] V2—- V3 454 pyrosequencing Prevotella, Bacteriodes, clostridium, eubacterium, Blautia and Butyrivibrio were the most abundant.

[124] V3-V5 454 pyrosequencing Butyrivibrio, Fibrobacter, Oscillibacter, Paraprevotella, Prevotella, Ruminococcus, Succinivibrio, and Treponema,
accounted for 67.6% of 1 sequence reads.

[125] V2 —-V3 454 pyrosequencing Prevotella, Eubacterium, Dialister, Lactobacillus, and Clostridia were the most abundant.

[126] V4 Illumina Miseq At prepartum (Prevotella, Ruminococcaceae, Bacteroidales and Lachnospiraceae) were dominant. While, at
postpartum (Prevotella, Ruminococcaceae, Ruminococcus, Bacteroidales and Lachnospiraceae) were dominant.

[81 V3-V4 454 pyrosequencing The predominant bacterial genera were Prevotella, Bacteroides, Streptococcus, Fusobacterium and
Granulicatella.

[127] 454 pyrosequencing Prevotella, Selenomonas, Psuedobutyrivibrio, Streptococcus and Fibrobacter were the most abundant.

[3] V1i-V3 Illumina MiSeq Prevotella, Dialister, Succiniclasticum, Ruminococcus, Butyrvibrio and Mitsuokella were the most abundant.

[128] V1-V3 Illumina MiSeq Preyotella was the most abundant in all samples. For the first half of lactation, Ruminococcus were less
abundant than at the second half of lactation.

[129] V1i-v2 454 pyrosequencing and Ion Torrent  Prevotella was representing the single most abundant genus in both sequencing platforms. Comparisons

(PGM) between both platforms at the genus level revealed differences in few genera such as Prevotella, Ruminococcus,
Succiniclasticum and Treponema.

[130] V3—-V4 Illumina MiSeq The predominant bacterial genera were Clostridium, Prevotella, Butyrivibrio, Turicibacter, Ruminococcus,
Succiniclasticum, Desulfobulbus, Mogibacterium. Ruminal content had a greater percentage of Prevotella,
Saccharofermentans, Succiniclasticum and Ruminococcus. While, ruminal epithelium presented a higher
abundance of Butyrivibrio, Mogibacterium, Treponema, Syntrophococcus, Howardella, Campylobacter,
Desulfovibrio and Desulfobulbus.

[131] V4 Illumina Miseq Prevotella, Succinivibrio and Sharpea were dominant. Prevotella remained stable in the rumen despite weaning
strategy. Conversely, Succinivibrio was the most abundant in pre-weaned calves but declined following
weaning.

[132] V1-V3 and Illumina Miseq Prevotella was the most abundant in V1—-V3 and V1-V8 amplicons. The relative abundance of

V1-v8 Succinivibrionaceae, Paraprevotellaceae, Succiniclasticum and Succinivibrio showed significance difference
differences between V1—V8 and V1—V3 amplicons.

[92] Ton Torrent Prevotella, Bacteroides, Parabacteroides and Paludibacter were dominant. Prevotella decreased from lactation

first to lactation third. While, Bacteroides, Butyrivibrio, Lachnoclostridium, Eubacterium and Ruminococcus

increased.

and post-surgical recovery [72]. Therefore, disturbance of this complex
ecosystem could have major consequences on host health.

5. Role of rumen microbiota alterations in disease

Despite the key function of the gastrointestinal microbiota in sus-
taining overall health (nutritional, physiological, and immunological),
recent discoveries indicate that alterations in the gastrointestinal mi-
crobial ecosystem play a large role in many intestinal and extra in-
testinal disorders [18]. Understanding the potential roles of the
homeostatic rumen microbial population in both health and disease is
important for the identification of biomarkers for gastrointestinal dis-
eases and the development of new therapeutic approaches. In human
medicine, disruption of the gut microbiota or dysbiosis is linked to
processes involved in several diseases, such as obesity, insulin re-
sistance [73], inflammatory bowel diseases [74], circulatory disease
[751, multiple sclerosis [76], central nervous system and atopic dis-
orders [77]. Additionally, dysbiosis of the gastrointestinal microbiota
plays an important role in the metabolic and immunological capacities
of the host [78]. Although several studies have examined the potential
function of the gut microbiota in human health and disease, studies that
focus on ruminants are limited. Most digestive disorders that occur in
ruminants, such as ruminal bloat and acute and subacute ruminal
acidosis (SARA), are associated with disturbance of the composition
and function of the rumen microbiota [79].

Ruminal acidosis is a subset of acute digestive disorders character-
ized by intermittent depression of rumen pH for prolonged periods due
to VFA accumulation [80] [81]. Unlike acute lactic acidosis, SARA is a
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more chronic condition and is not conjoined with agglomeration of
lactic acid in the rumen [82]. The collateral effects of SARA includes
epithelial damage in the ruminal mucosa [83], decreased milk pro-
duction [84], reduced fiber degradation, laminitis [85], and decreased
dry matter intake [86]. The severity of these conditions has also been
linked to instability of the microbial flora [87], and decreases in the
absorptive capability of the ruminal epithelium, resulting in an im-
paired rumen ecosystem [24]. Alterations in the ruminal microbiotas
have been declared to potentially play a role in ruminal acidosis [24]
[88] [89]. The most common bacterial taxa detected in SARA are
Lactobacillus, Streptococcus, Succiniclasticum and Clostridium [89]. Stu-
dies performed on feedlot cattle and dairy cows that are gradually
adapted to a high-grain diets indicate that SARA is significantly asso-
ciated with disruption of the microbial community structure [20]. The
majority of these studies have revealed decreases in proportions of Fi-
brobacter succinogenes and Butyrivibrio fibrisolvens and increseses in the
proportion of Proteobacteria, Megasphaera elsdenii, Streptococcus bovis,
Selenomonas ruminantium, and Prevotella bryantii.

Frothy bloat is one of the primary causes of morbidity and mortality
in feedlot cattle [90]. The onset of bloat and its effect on rumen mi-
crobial communities are variable among animals and can be attributed
to the rate of fermentation and ruminal gas production [91]. A previous
study identified distinct microbial populations between bloated and
non-bloated calves, with increases in the relative abundance of Clos-
tridium, Eubacterium and Butyrivibrio and decreases in the relative
abundance of the Prevotella and Ruminococcus in bloated cattle [92].
The alterations in the rumen microbiota associated with selected gas-
trointestinal diseases are depicted in Table 2. These rumen microbiota
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Table 2
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Changes in the rumen microbiota associated with selected gastrointestinal disease.

Citation  Condition 16's rRNA region and sequencing Study implication

platform

[120] Sub-acute ruminal V1-V3 (454pyrosequencing The predominant genera in acidotic group were Lachnospiraceae, unclassified Bacteroidales and

acidosis platform) unclassified Ruminococcaceae. During acidosis, the level of Ruminococcus, Atopobium, unclassified
Clostridiales and Bifidobacterium were increased. While, Prevotella, Treponema, Anaeroplasma,
Papillibacter, Acinetobacter, and unclassified Lentisphaerae were decreased.

[24] Acidotic challenge V1-V3 (454 pyrosequencing) Comparison of the microbial profiles of clinical vs. subclinical acidotic heifers showed increases in the
relative abundances of Acetitomaculum, Lactobacillus, Prevotella, and Streptococcus in subclinical
acidotic challenge.

[133] Induced ruminal V1-V3 (454 pyrosequencing The most abundant bacterial genera during acidotic challenge were Atopobium, Desulfocurvus,

acidosis platform) Fervidicola, Eubacterium cellulosolvens incertae sedis, Lactobacillus, Olsenella, RC39, Roseburia, Sharpea,
Solobacterium, Succiniclasticum, and Succinivibrio. Conversely, the acidotic challenge resulted in
decrease relative abundance of Azonexus, Butyrivibrio fibrisolvens, Carboxydibrachium, Eubacterium
brachy, Fervidicola, Fusobacterium, Clostridium viride incertae sedis, Marvinbryantia, RC1-13, RF21, RF38,
RFN8-YE57, Ruminococcus group 1 and Saccharofermentans.
[89] Induced Subacute V4 (MiSeq Illumina platform) In solid fraction: the relative abundance of Streptococcus, Succiniclasticum, Clostridium, YRC22,
ruminal acidosis Psuedobutyrivibrio, Anaerostipes, and Shuttleworthia were increased on day 6 in SARA.
In liquid fraction, the relative abundance of Streptococcus, Lactobacillus, S24-7, as well as Prevotella and
YCR22, were increased on day 6 in SARA.
[88] Severe subacute Primer sets for essential ruminal taxa  Under severe SARA conditions Prevotella, Lactobacillus, Megasphaera elsdenii, and Entodinium spp. were
ruminal acidosis were most abundant, whereas Ruminobacter amylophilus was less abundant.
Synthesized. (quantitative real-time
PCR platform)
[92] Wheat induced frothy ~ V1-V2 (454 pyrosequencing During bloat, the level of Bacteroides, Parabacteroides, Clostridium, Eubacterium and Butyrivibrio were
bloat platform) increased. While, the level of Prevotella, Ruminococcus, Slackia, Atopobium, Eggerthella, Olsenell,
Bifidobacterium, Collinsella, Gordonibacter and Cryptobacterium were decreased.
[134] Subacute Ruminal Illumina sequencing of theV4region SARA resulted in decrease richness, diversity, and stability of bacterial communities and resulted in

Acidosis

distinctly different microbiota in the rumen. Only the relative abundance of Firmicutes in the rumen
was increased by the SARA challenge.

alterations further support the theory that the microbial dysbiosis re-
lates to the overall bovine health and encourage further research to
better understand this complex ecosystem.

6. Impacts of dietary intervention on rumen microbiota

Numerous attempts have been made to optimize rumen functions by
altering ruminal microbiotas through different dietary interventions
[50]. A deeper understanding of the interactions between diets and the
microbial composition could modulate the barrier function of the gas-
trointestinal tract and, thus, influence intestinal function [83]. Most
ruminant feed stuffs are consisting of complex polymeric constituents
that enhance cooperation between rumen microbial populations. Re-
searchers have identified that there is no single organism is responsible
for the complete degradation of the feed stuffs, and that a complex
rumen microbial consortia is required for the catabolism of the complex
polymeric constituents in the diet [18]. The effect of different types of
feeding systems on the structure and diversity of the rumen microbial
ecosystem has been widely investigated using next-generation sequen-
cing [24] with primary attention to the diet composition (Table 3).

In a previous study of Pitta et al. [23], in which the composition and
diversity of rumen bacteria were examined in response to a shift of the
diet from Bermuda grass hay to grazing wheat, significant differences in
the phylogenetic composition were found between the liquid and solid
fractions and between the two different diets, with greater relative
abundance of Prevotella being observed in wheat-fed cattle. Members of
Prevotella have the capacity to degrade proteins, and their presence in
the rumen across a variety of diets indicates the substantial metabolic
diversity of this genus [93]. More recently, the impact of different
dietary interventions on rumen microbiota-host relationship in live-
stock production was demonstrated by the importance of a highly fi-
brous diet and the associated host-microbe symbiosis in improving
production efficiency and growth performance [94].

The high energy requirements of intensive livestock production
systems requires feeding high-grain diets to provide nutrients [95].
DNA-based sequencing technology recently demonstrated the adverse
effects of high-grain diets on the structure and function of the rumen
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microbiota, in turn affecting animal health and production [96]. The
ruminant gastrointestinal tract varies in its susceptibility to these ad-
verse effects of high-grain feeding. Moreover, different types of grain
diets and grain-processing techniques have different effects on gut
health. The inclusion of grain in cattle diets increases the starch content
of the digesta and the production of organic acids such as VFAs and
lactic acid in the rumen [97] [89].

Although the fat content in ruminant feeds is generally very low
(5%), lipids additions plays a crucial roles in improving the energetic
values of ruminant diets, modulate rumen function, and mitigate me-
thane emissions particularly in intensive farming systems [98]. Re-
cently, the negative effect of unsaturated fatty acid on the microbial
composition and diversity have been reported. A pioneer study showed
that the addition of fat to ruminant diets, decreases ruminal cellulose
degradation and VFA concentration, and alter the ruminal microbiota
composition [98]. As a result, dietary supplements such as yeasts,
probiotics, prebiotics and direct-fed microbials might be useful in at-
tenuating the adverse effects of a high-grain diet and, thus, improving
animal health and productivity [79].

7. Effects of probiotic supplementation on rumen microbiota

Probiotics traditionally defined as direct-fed microbials (live bene-
ficial microorganisms), are commonly used as feed additives and act as
alternatives to sub-therapeutic antibiotics to provide health benefits
and to prevent bacterial infections [99]. During the past few decades,
the use and effects of probiotics in livestock production have become
well established, providing opportunities for the investigation of their
relevant roles in the modulation of dysbiosis of the resident microbial
populations [100].

While the response of the probiotics are higly variable, the inclusion
of some probiotics strain in bovine feeding programs improves rumen
ecosystem through direct production of digestive enzymes, and pro-
moting the growth and function of beneficial microbiota, which leads to
a stable microbial ecosystem [101]. Some probiotics strains have the
potential to produce metabolites, like rumen acetogens and anti-
microbial compounds which stimulate the growth, and inhibit potential



Microbial Pathogenesis 124 (2018) 106-115

M. Zeineldin et al.

(98pd 1x2u UO panunuU0d)
‘sise}soauroy ajeuordoad paurejurewr Ajduwis yorym ‘siajroy
UT PIAISS]O JOU SeM 109JJd TR[IWIS B INq ‘SIMPE Ul 9D20D]]a1042.4d PUR DJ]a10A2.4d O) WNINSDIIIUIIMNS
Jueurwopald woly PIys e pa1ad3Ln axejul Ies [elsuljy "el1deq Supnpoid-areuordold

VN [eWwosoqit

Jueurwopald Jo SULID) UT ATUTEW PIISJJIP J[eS [EISUIW 0} BJOIGOIDTUI USWNI Jo asuodsal Y], urzojjerd bagiA eurumyyy S9T [edkyDIR puE [ELIdIdRY S)[es [eIBUIA [8¥1]
'$140q $11220203d0.0S PUR WNPUDUNUN.L
spuowoua)as ‘suadounyiaw ‘vozojo.d 0LIGIALIAING JO SIOQUINU ) PISLIINP S[10 PIM uonejusw[ddng sisA[euy yDdb pue d149-1 S[IQ SULIBAl PUB IOMO[jung [2+1]
*dnoid TN ay3 ul paseadsp pwauoda.] pue dnoid QS SYI UT 479Dq0.qL] PIseaIdU] (Aas)
WNIRSDPIIUIIING PUR ‘OLIALAING SN22090UNUNY D]J2104d.d e1ouad jueurwopald oy, bagiAl eurwmyy A A113qnu pauIp-ung pue (TNH) S9ABS] ALIdqnuI paIsuy [o¥1]
*SUOTIORIJ I0q UT 100090unun. pue mupAiq pjjaroaadd ‘snpydojfwm sa1opqoununy
JO SIdQUINU Y] Se [[9M Se Uondely PMbI] 9y} Ul WNPUDUNUNL SDUOWIOUD]IS PUR $aUaSou1IINs ok 'a8e10j se (§D) a3erIs sse1d
1210DqO.q] JO SIDQUINU PISLIIIUT SO DIYAM 'SPI[OS UI SaUIZ0UIIINS 4919DG0.qL] PISEIIdU] SO (b) aaneinuenb swm-reay 10 (SD) 98e[Is UI0D IBYIIS SUTUTEIUOD SUOTIEI PIXIW [B10], [sp1]
*SI]DLIOP]OYDNG PIYISSB[OUN PUR DDIIDIIIDGOLqL] D]J2I0A2Id PISLIIIU] bagiAl euTIIM{[T PA—EA P34 PAaYILIUH-dUOAR[JOS] [b+1]
awn 1940 Apuedyrudis 93ueyd sn92020UNUNY PUR ‘SDUOWIOUDJIS ‘OLIQIALIAMGOPNas
QUM ‘o) 1940 Apuedyrudis a3ueyd Jou pIp DJJaUIS|Q PUR L219DGOIqQL] D]J10AdId ‘OLqIALLLING Bumuanbasoifd G4 SA—9A (DYd) sserdaki reruuaiad ysarg [z€]
'GZ-IFHOM 10§ parmado disoddo ayy,
‘0ZNAY pue 90ao0uisp}dodfy 9DaID]oUSUASLYD ‘OUQIUAMG ‘TEZAD TEOYA “4o190qIpnidd ‘T1SH
‘S9]DP104219DE PASLIIIUT PIMOYS OS[E JUSWIIRAI]) ATRIDIpP J "SAINILIAU ], PUR ‘SMINULIL ‘Sa1ap104a1oDg
01 3urduofaq exe) AueW JO SdUEPUNJE Y} PIJULYUD JUsUNedI} d ‘A[[EUONIPPY 'S142.q D]JaIoAdid *(d) 110 Tenuassa-fouayd4jod jo Aep/3 001 pue (0)
JO QUIIIP B pUR 20UDPUNGD 9DIID]JIUIUIISLIYD UT 9SBIIDUT JURDYTUSIS B PAIMOYS SJUSWIRa) d pue O Y], urropzerd basiin YA ‘pioe d1uedio ajefew-ajerewny jo Aep/3 09 :391p ureid ySig [26]
*(apaopypwspldosopuy) saanonaua ], elAyd ayy
SE [[oM S (aDaIDIIGD)IULIDIA PUR aD3ID])23049.4d) A[Temonied $a1ap1o.423opg jo ddUBpUNge YY) PaseaIduf JUSLIO], UOT ZA—TA SI91p (VYD) sserSoky [eb1]
-3urpasy wnIyda 1sod DLIMGISOY PUR OLIGIAOUIIINS PISEIIDU]
*8urpaay xeyy 1sod DLNGISOY PUB OLIGIALIAINGOPNIS] WMLIIIDGLID D]JOPIDMOH ‘OLIQIALIANG PIseaIdu] Bupuanbasoidd 454 8A—9A [10 WNTYID pue Xe[q [z¥1]
“BIP HY 10 DT 3y (pim paredwod “(HV) Aey ej[ej[y (O sisuauIyd snw4a
sa0Awordo.ns pue sMDY ‘s99K0WMIDOULIY ], 1a1IDGIAD] SNOUN.O.LEDUY PIseaIdul SUIpas) SO S[IYm (SD) Areisuro)
991p SD Y PIM paTedWod SDUOWOUI]AS PUR D]Ja042.d JO ddUBPUN]E SANR[I PIsealdul Surpas) HY Bupuanbasoifq 9A—EA £5901n0s 93e10J JUIIP YIIM JIIP 9JBIUIU0D/FeI0] [1¥1]
‘uonoely pmbiy oy ur pasearour
D]]21049.4d SIYM "UOTIDRIJ I9qY ) U WNLLIIDISO pue DJaAIO DAdsopiasQ WmnpLiso]d paseaIdu] Bupuanbaso1Ad wmruelr], SA—TA amsed jeaym [ov1]
*(9D29D4219DqOLqL] PUE ‘9D2IDLASOUYIDT DDIIDIIOIOUILTY DIID]]I0AD.LJ PISBIIIUT) UONRIJ PI[OS U]
*(avaoppouowo.fydiod pue
9DIIDIIOIOUIUNY ‘9DIIDIIDGOLGL] IDIID]]2I0AIL PIseaIdUT) uondely pmbiy uy :a8eydnor usain —g
*(apaoppouowoifydiod pue
‘aD20D.1210DO.Uq1] @D2IDIIOIOUIUNTY IDIID]]AI0AILJ PISEIIDUT) UOTIdRJ PI[OS U *(aD2IDppuUowofydioq
PUB 9D2IDII0I0UNUNY ‘DDIIDU2IIDGO.qL] dD2ID]]a1042.d PIseadur) uonoely pmbiy ug o8eydnor £1q-y JADJ U110} UOL (o8ey3noa uaa1d pue A1p) 391p 23e10J-y3IH [6€1]
‘P91O9JJE JOU 2IOM ‘SII[IUIRJ PIYTIUSPIUN INOJ S [[9M Se 9D2ID1aDYy20.41dS
9D20DP104219Dg 2D22D.NdSOUYIDT S[IYM "DIIDIIOIOUIUNY PUR ‘SIDPIOLIIDE @DaID]]210A2.Id PISBIIIU] Bupuanbasoidd 454 IA—PA saIniseq sseidepnuiiag [s¥]
‘PISEAIDUT AIOM BLIDJOR( 9BIIBLIAIDLGOAR[] PUE JBIIR[[210AdIJ I2IP ydreIs ySiy ug
*PaseaIdUT SIOM 9D2IDLAIIDGOqL] PUR 9D2IDIIOIOUNUITY dD20D.adsouysnT I91p 19qy Y81y up Bupuanbasoidd G4 PA—EA *191p yoIels ySiH pue 3a1p 12qy ySiH [8e1]
+o8e10J pay s1aj1ay ut uonjendod [er1aloeq ) jo uoniodoid jsofews Iy}
10J PaIUNOIDL DLIDYASDIIP pue SDUOWOUI]IS SEdIdYM 191p UTeld Y31y oyl 0] ISed] Y} PaINLIIU0d pue
191p 28e10j paxIw o) ur 93ejusadrad 981e[ € 10J PAIUNOIIE SIUISOUIIINS “421IDGOUGL] PUR STIII0IOUNUTY Bupuanbasoidd G4 SA—TA 9Jenuaduo) 03 93810, WOIJ UOT)ISURL], [v2]
Wna1DqOpPYig pue DdiSoIpusD U19DQNNIISQ ‘SIPaS IDLLIUL ID2IDIIOIOUNUITY
PIsBaId9p PUR D]JUdS|Q PUR WNLILIODGLI) “D]J21SoUIDG ‘D]J210424d PISeaIdUL YoIers A1e1siq wmpuel], Xd Sy PA— EA 191p YoIelg [ze1]
‘DJ]ouoID) pue Burouanbasoifd
1235101 Jo uoryendod 311 UT SUI[DIP Pue JJIIDG WNLIIIDGOUID) PUR OLIGIALLANG ‘SIIMDTULIL] PISEIIDU] uodrdure X4 s19[2d dind snnry Sururejuod sivIq [9g1]
*paseaIdUT dIOM 2D29DAdSOUYIDT
PUE ‘9D2ID]UO)12A @D2ID]]I0ADIJ IDIIDIIIDGOIGL] JO ddUBPUNR dATIR[AI Ay ‘sojdures armised uy Buuanbasoisd G4 ZA—TA (JIALL) UOTBI PaXIW [e10} pue dInised [ee1]
‘5ad BurouanbasoiAd
%0 UM paIeduwod PaseaIddp OLIGIIUIIING SEIIIYM PISEIIIU] $IP104a1IDEg PUR D]Ja10A2.d ‘DA %0S 104 uodrjdure X4 (5aq) ureid sI9MSIp pPalIq [811]
$93UBYD JWOIqOIDIW UDUINY uuopyed Surouanbag uo13ay VNI S9T PIq  uoneNd

‘suonendod [BIGOIDTW USWMNI U0 UOTIUIAIIUT ATRISIP JO s}oeduil oY) parpnis 9ABY Jey) SIIpNIs SOIouaSe)oul [RUnSAUIONSES Palda[es

€ d1qeL

110



M. Zeineldin et al.

Table 3 (continued)

Sequencing platform Rumen microbiome changes

16 s rRNA Region

Diet

Citation

BEO treatment had no effect on the rumen microbiota, whereas monensin decreased bacterial

diversity.

Ilumina MiSeq Sequencing

bacterial or archaeal 16S rRNA

genes

Monensin and a blend of essential oils (BEO)

[149]

Monensin caused a significant decrease in the relative abundance of 23 bacterial species, all

belonging to the phyla Bacteroidetes and Firmicutes. Ten bacterial operational taxonomic units

belonging to the phyla Actinobacteria, Bacteroidetes, Cyanobacteria, and Firmicutes increased in relative

abundance due to the monensin treatment.

Tasco effectively reduced pathogenic E. coli but had only minimal impacts on rumen fermentation.

Illumina MiSeq platform

Partial bacterial and archaeal

16S rRNA genes

V3-Vv4

Tasco (air-dried Ascophyllum nodosum)

[150]

OOP had no effect on the overall rumen microbial composition. However, significant differences,

Ilumina MiSeq platform

Olive oil pomace (OOP)

[151]

between control and OOP groups, were found for six bacterial taxa. In particular, rumen microbiota

from animals fed OOPs showed a reduction in Anaerovibrio, which is a lipase-producing bacterium.

This study demonstrates that a long-term early-life dietary intervention induced modifications in the

Ilumina HiSeq platform

Bacterial (V3—V4) and

Combined garlic essential oil and linseed oil.

[152]

composition of the rumen bacterial community that persisted after the intervention ceased with little

effect on archaeal and protozoal communities.

archaeal 16S rRNA genes
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pathogens [102]. It has been well established that some probiotics can
help the establishment of crucial microbial populations (Prevotella,
Eubacterium Bacteroides, and Clostridium) in rumen by removing the
oxygen from the surrounding environment [102].

Based on previous studies in ruminant, probiotics play an important
role in improving feed efficiency, enhancement of feed conversion ratio,
and increasing weight gain and milk production [103] [104]. Probiotics
helps in regulation of the intestinal microbial homeostasis [105], re-
duce the frequency of neonatal diarrhea [106], regulate ruminal pH
[107], stimulate immunity [101] [108]. Probiotics impact the immune
system through multi-cellular signaling pathway and induce production
of local and systemic cytokines such as interleukin 18, interleukin 12,
TLR2 and tumor necrosis factor alpha [104]. Probiotics may also con-
tribute to overgrowth of certain microbial populations while inhibiting
the growth of others potentially pathogenic bacteria through their in-
teractions with host-microbial populations [108].

The most widely used veterinary probiotic supplements in rumi-
nants include Lactobacillus and Saccharomyces, Bacillus, Bifidobacterium,
Enterococcus, Propionibacterium, Megasphaeraelsdenii and
Prevotellabryanti species [108] [109]. The response of the host to pro-
biotics is highly dependent upon probiotics strain, age, breed and other
dietary traits [110]. Table 4 summarizes selected research studies on
the impact of probiotics on rumen microbial composition and function.
Although yeasts, bacteria and fungi may be adopted as probiotics, the
bacterial strains, especially the lactic acid bacteria, are primarily used
as probiotics, because of the awareness that they are beneficial mem-
bers of the gastrointestinal microbiota [111]. Lactic acid bacteria in-
corporate a group of Gram-positive, non-motile, anaerobic rods, non-
spore-forming bacteria. The use of lactic acid bacteria and direct-fed
microbes as probiotics in ruminants has been observed to reduces the
abundance of pathogenic E. coli [112], improve dry matter intake
[104], reduce frequency of diarrhea [113], and enhances immune
protection during infection through secretion of bacteriocin and mod-
ulate host microbial ecosystem [114]. Several strains of Lactobacillus
are used as growth promoters in calves, instead of antibiotics, thus
counteracting the negative effects of widespread antibiotic use and
subsequently reducing antimicrobial resistance and unnecessary treat-
ments [113]. Although production of antimicrobial compounds may be
the principal mechanism for antimicrobial activity of probiotics, there
are further mechanisms such as attachment to epithelial cells, compe-
tition for nutrients, and modulation of the immune system [111]. In
general, antimicrobial compounds produced by lactic acid bacteria can
be divided into bacteriocins (high molecular mass) and non-bacter-
iocins (low molecular mass) antimicrobial substances [115]. Amongst
these antimicrobial substances produced by lactic acid bacteria, the
most important one are the organic acids, especially lactic and acetic
acids, that responsible for beneficial impact of these strains in the
gastrointestinal ecosystem through colonization of beneficial micro-
biota and diminishing pathogenic populations [111].

Live yeast (Saccharomyces cerevisiae) is one of the widely used and
efficient probiotics used in livestock producing system because of its
varieties of function in establishing and balancing the rumen ecosystem
[104]. Recently, the probiotic effects of Saccharomyces species have
been assessed. The use of Saccharomyces cerevisiae fermentation pro-
ducts as feed additives stimulate growth of lactic acid bacteria, influ-
ences milk production [116], VFAs concentrations and ruminal pH
[1171, which can benefit various types of rumen microbial population
[118] [119] [120], and improve rumen metabolism [104]. In early life,
Saccharomyces cerevisiae interventions showed marked improvement in
ruminal morphology, possibly because of an increase in Butyrivibrio and
a decrease in Prevotella richness in the rumen fluid, which results in an
increase in butyrate and VFAs production [121]. Saccharomyces cere-
visiae has also been investigated as a probiotic to increase fiber diges-
tion in the rumen [122]. Supplementation with Saccharomyces may
indirectly promote microbial fiber degradation by stabilizing ruminal
pH and increasing dry matter intake [11]. Because of varying results
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Table 4
Selected research studies that have studied the impact of probiotics on gastrointestinal microbial composition and functions in ruminant.
Citation  Probiotic strain Host Observation
[153] Yarrowia lipolytica (non-pathogenic Dairy calves Calved fed this strain had higher count of Entodinimorphida, Holotricha and total bacteria in reticulorumen with
yeast) no effect on PH and concentration of total volatile fatty acid.
[110] Saccharomyces cerevisiae Dairy cows S. Cerevisiae could modulate the rumen microbial balance and has enhancing effect on milk production and
milk fat contents in lactating cows.
[154] Megasphaera elsdenii Dairy calves The results of this study suggest that a single administration of the M. elsdenii probiotic may not affect the
rumen establishment of the organism.
[155] Lactobacillus casei and Lactobacillus Dairy cows The probiotics supplementation significantly increases the rumen fermentative bacteria (Bacteroides,
plantarum Roseburia, Ruminococcus, Clostridium, Coprococcus and Dorea) and beneficial bacteria (Faecalibacterium
prausnitzii) Further, the probiotics supplementation significantly increased the milk production and the
contents of milk immunoglobulin G, lactoferrin, lysozyme and lactoperoxidase.
[102] Saccharomyces cerevisiae Lactating cows  Improve gastrointestinal tract microbial balance and improve milk and its fat contents.
[156] Lactobacillus plantarum and Bacillus Dairy calves This study concluded that, the oral administration of the probiotics affected the rumen bacterial community
subtilis and decreased numbers of cellulolytic bacteria.
[157] Lactobacillus reuteri Beef cattle L. reuteri exerted an antimicrobial activity against the rumen endogenous microbiota.
[158] Saccharomyces cerevisiae Buffalo bulls The results indicated that yeast culture increased significantly the mean protozoal count and the total bacterial
count.
[159] Ruminococcus flavefaciens Dairy cow The result of this study showed that the presence of probiotics or a change in the concentrate to forage ratio in

the diet did not succeed in establishing the new strain in the rumen.

among studies, the effects of probiotics on the microbiota composition
have not been conclusively determined, but some studies show pro-
mising results. Therefore, further studies are required to fully under-
stand the effects of probiotics and other direct-fed microbial supple-
ments on the restoration of the microbiome to a healthy state.

8. Future directions and conclusions

Recent advances in rumen microbiome research is exciting and has
redefined our ability to describe the rumen microbiota and its func-
tions. We can now distinguish the locations of specific microbes, de-
termine the population diversity and explore the relationships between
the microbiome and the host [16]. With the continuous advancement in
sequence-based technologies and in-depth characterization of the
phylogenetic and functional capacity of rumen microbiome, more ef-
fective strategies will raise to modulate rumen microbiome through
dietary manipulations and the administration of prebiotics and anti-
biotics. Furthermore, the application of metatranscriptomics, meta-
proteomics, and metabolomics-based studies is required for a better
understanding of the role of host-microbe interactions in health and
disease, allowing less reduce inappropriate antibiotic use, which in turn
will reduce the antimicrobial resistance, and ensure the production of
quality products to meet global demands.
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