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1. Introduction 

The gastrointestinal (GIT) microbiota of ruminants cannot be dissociated from the host animal.  

Gut symbiotic microbes have a critical role in the interaction of the host animal with the surrounding 

environment, providing fundamental nutritional, immunological and protection services.  As for 

other essential body ‘organ,’ the GIT microbiota undergoes a series of development stages from early 

stages of formation until maturity.  Differently from the embryogenesis process; however, the 
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development of the GIT microbiota starts in earnest at birth and it is characterized by a succession of 

dynamic communities in the early stages of life (Savage, 1977, Jami et al., 2013, Rey et al., 2014).  

This process of acquisition of various microbial populations and their evolution within the ecosystem 

is essential for the correct functioning and interaction of the microbiota with the host (Costello et al., 

2012).   

Determinism is a strong driver dictating the microbial community structure of the GIT of animals 

as there is a strong selection by the diet, anatomy and gut physico-chemical conditions (Ley et al., 

2008).  Yet, stochastic and historical events also influence the assemblage of the GIT microbiota that 

may have lasting effects in ruminants (Yáñez-Ruiz et al., 2010, Morgavi et al., 2015, Moraïs and 

Mizrahi, 2019).  Here, we review current information in the establishment of the microbiota in the 

rumen and posterior intestinal tract in young ruminants and its modulation for promoting health and 

favouring desirable phenotypes.  

2. Establishment of the rumen microbiota 

As the composition of the rumen microbiota directly influences the digestive and metabolic 

performance of the host animal, many studies have explored the microbial colonization of the rumen 

from birth to adulthood.  These include early work using cultural methods (Fonty et al., 1983, Fonty 

et al., 1988) to more recent studies using high throughput sequencing methods in calves, lambs and 

goats (Jami et al., 2013, Rey et al., 2014, Guzman et al., 2015, Wang et al., 2017b, Abecia et al., 2018, 

Dias et al., 2018).  The developing rumen in the newborn ruminant may provide a unique opportunity 

to manipulate the symbiotic microbiota for a long-lasting impact in the adult ruminant (Yanez-Ruiz et 

al., 2015).   

Colonisation: from birth (preruminant) to a fully functional rumen 

Recent reviews describe the microbial community successions that occur in the rumen from birth 

to weaning and after, when animals feed exclusively on solid feeds (Malmuthuge et al., 2015, Yanez-

Ruiz et al., 2015, Meale et al., 2017a).  Functional populations, as well as taxa present in adult 

rumens, appear very early after birth, in a progressive way and a defined sequence.  Several studies 

monitored the establishment of the rumen bacterial community in calves from birth to weaning 

using high throughput sequencing and qPCR approaches (Jami et al., 2013, Rey et al., 2014, Guzman 

et al., 2015).  They show that rapid changes occur in the composition of the rumen bacterial 

community during the first days of life.  Proteobacteria and Streptococcus-related sequences are 

proportionally abundant in 1 to 3-day old calves and are rapidly replaced by strictly anaerobic 

bacterial taxa (Jami et al., 2013).  Proteobacteria are then gradually replaced by Bacteroidetes as the 
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animal grows, Firmicutes being present from early age to adulthood (Table 1).  These results are in 

accordance with early studies using culture techniques reporting that aerobic and facultative 

anaerobic bacteria establish first (Fonty et al., 1987).  Notwithstanding, strict anaerobes that are 

important for function in the mature rumen, such as cellulolytic bacteria and methanogenic archaea 

are already present in the rumen 1 or 2 days after birth (Fonty et al., 1987, Gagen et al., 2012, Jami et 

al., 2013, Guzman et al., 2015).  Methanogenic archaea can be enumerated in the immature rumen 

of lambs at 2-4 days, well before the consumption of solid feeds, and after two weeks, their 

concentration is equivalent to that found in adult animals (Fonty et al., 1987, Morvan et al., 1994).  

Although not detected by culture, a low-abundant but diverse population of methanogens 

(predominantly Methanobrevibacter spp.) was identified using molecular methods in lambs placed 

into sterile isolators 17 h after birth (Gagen et al., 2012).  A recent study in goat kids also indicated 

that active methanogens colonized the rumen at one day of life, Methanobrevibacter, 

Methanosphaera (both Methanobacteriales order) and Candidatus Methanomethylophilus 

(Methanomassiliicoccales order) being the top three genera (Wang et al., 2017b).  There are four 

major methanogenic orders usually found in the rumen: Methanobacteriales, Methanomicrobiales, 

Methanosarcinales and Methanomassiliicoccales (Janssen and Kirs, 2008).  All these are abundantly 

present in calves from day 1 to 2 weeks of age, whereas only Methanobacteriales and 

Methanomassiliicoccales could be qPCR-detected in the mature rumen (Friedman et al., 2017).  

Based on substrate utilisation for methanogenesis, the authors suggest that the early methanogenic 

community may be characterized by a high activity of methylotrophic methanogenesis, likely 

performed by members of the order Methanosarcinales.  Eukaryotic microorganisms also establish 

sequentially.  Anaerobic fungi can be enumerated in the rumen of lambs by 8–10 days after birth 

(Fonty et al., 1987).  Anaerobic fungi, which are cellulolytic, are thus present in the rumen long 

before the animal ingests solid feeds regularly.  Ciliates are detected from 2 to 3 weeks of age, with 

Entodinium establishing first (15-20 days), then Polyplastron, Eudiplodinium, and Epidinium (20-25 

days), and finally Isotricha (50 days) (Fonty et al., 1988).  In contrast to bacteria and archaea, 

protozoa do not establish when newborns are isolated from their dams shortly after birth (Fonty et 

al., 1988; Chaucheyras-Durand et al, personal communication).  In addition, ciliate protozoa require 

the presence of a complex microbiota to establish (Fonty et al., 1983, Fonty et al., 1988).  Figure 1 

shows the main colonization events by groups of microbes in lamb’s rumen throughout the suckling 

period and up to the end of weaning.  

Colonization of the rumen wall by epimural bacteria is also age-related, with sequential 

diversification of bacterial morphotypes (Rieu et al., 1990).  The phylum Proteobacteria is dominant 

on the rumen epithelium with an important contribution of the genus Escherichia (Jiao et al., 2015, 
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Wang et al., 2017a).  As for the lumen, the abundance of Proteobacteria associated with rumen 

epithelium decreases, and that of Firmicutes and Bacteroidetes increases with age (Jiao et al., 2015). 

Large differences between digesta and epimural bacterial communities have been observed in 

the rumen of pre-weaned calves, with higher abundances of Prevotella and lower abundances of 

Bacteroidetes in digesta compared with epimural bacteria (Malmuthuge et al., 2014).   

Although the focus of this review is on the rumen compartment, we will mention some aspects of 

the microbiota of other GIT sections when relevant and/or available.  Whilst the rumen microbial 

community evolution with age has been well studied, information on the other pre-gastric 

compartments (reticulum and omasum) is scarce.  Recent studies analysed fluid samples from these 

organs in goats from 3 to 56 days after birth (Lei et al., 2018) or in calves from birth to 21 days 

(Yeoman et al., 2018).  As for the rumen, Proteobacteria gradually decrease with age while the 

relative abundance of Bacteroidetes increases.   

For the post-gastric compartments, a surprisingly diverse microbiota is also described in the first 

hours post-delivery (Alipour et al., 2018).  Firmicutes, Proteobacteria, Actinobacteria and 

Bacteroidetes dominate the newborn’s rectal microbiota but composition rapidly changes in the 

early postnatal life.  Pioneer studies reported E. coli and Streptococcus to be the firsts to colonise all 

GIT regions in calves and lambs few hours after birth (Smith, 1965) and culture-independent studies 

confirmed their high abundance in rectal microbiota one day after birth (Alipour et al., 2018).  As for 

the rumen (Jami et al., 2013), it is assumed that these facultative anaerobes scavenge oxygen and 

render the environment suitable for strictly anaerobic gut microbes.  Lactobacilli take advantage of 

these conditions and colonise all intestinal sections of one-day-old ruminants (Smith, 1965).  

Proteobacteria, Firmicutes and Bacteroidetes are the prevalent phyla in all anatomical locations 

within the first 3 weeks of life (Malmuthuge et al., 2014, Alipour et al., 2018, Yeoman et al., 2018).  

Firmicutes dominate distal parts of the GIT in young ruminants (colon and faeces), whereas 

Bacteroidetes abundance is higher in the reticulum, rumen, omasum and abomasum (Malmuthuge 

et al., 2014, Yeoman et al., 2018).  It should be noted that while Firmicutes and Bacteroidetes are 

more abundant in luminal contents, Proteobacteria dominate mucosal samples (Yeoman et al., 

2018).  This niche specialisation for mucosa-associated populations is certainly driven by 

environmental conditions (presence of trace oxygen) and available substrates such as mucins.  

Interestingly, richness and α-diversity in luminal samples increase with age in most anatomical 

sections, whereas no such trend is observed for mucosa-associated populations.  Nevertheless, 

mucosa-associated bacterial communities in the small and large intestine are more diverse than 

digesta-associated communities (Malmuthuge et al., 2014).  Though the post-gastric intestinal tract 

has not received much attention this far, there is evidence that its microbiota plays a crucial role in 
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older animals’ health and performance.  For instance, lactic acid bacteria increase IgA production by 

stimulating host’s adaptive immune system, boosting calves’ active immunity by the time when 

passive immunity from colostrum decline (Corthésy et al., 2007).   

Interaction host-microbiota  

The gastrointestinal tract of mammals has a diverse array of non-specific and specific protective 

mechanisms to allow it to coexist with resident microbiota (Hooper et al., 2012).  The functions of 

nutrients absorption, symbiotic microbial tolerance and pathogenic microbial barrier, create a 

conflict in function which requires a complex system of physical, biochemical and cellular 

mechanisms for protecting the gastro-intestinal epithelium and the host against invading agents 

(Kuhn and Stappenbeck, 2013).  Several studies have shown the education process that the immune 

system needs to go through to deal with microbial loads and this is of particular relevance during 

early life stages (Collado et al., 2012, Wu and Wu, 2012).  However, the mechanisms involved in the 

‘tolerance’ to the first colonizers of the rumen are largely unknown, partly because the rumen 

epithelial structure has its own peculiarities as compared to the lower intestinal tract.  The rumen 

has a multi-strated, keratinized epithelium with up to 15 cells layer and no organized lymphoid tissue 

(Sharpe et al., 1975), which limits the permeability of large molecules such as immunoglobulins.  The 

immunological equilibrium in the rumen is thought to be achieved by a combination of two main 

mechanisms: i) the signalling of Toll-like receptors (TLRs) (Malmuthuge et al., 2012) and ii) provision 

of immunoglobulins (mainly secretory IgA) via saliva (Williams et al., 2009).   

i) TLRs are a family of pattern recognition receptors (PRRs) that play a key role at mucosal 

surfaces by acting as sensors to detect molecular patterns expressed by both pathogenic and 

commensal microbiota alike.  Cattle express a similar repertoire of TLRs compared with other 

mammalian species, as TLR1-10 have been identified and characterized (McGuire et al., 2006) and 

several studies have shown the relationship between nutritional disturbances (i.e. acidosis) and TLR 

expression levels.  (Chen et al., 2012).  However, little is known in relation to early-life colonization.  

The expression of TLR in the GIT of newborn calves is greater than at 6 months of age with the 

exception of TLR-1 and TLR-3 (Malmuthuge et al., 2012).  More recently, Abecia et al. (2017) 

evaluated the impact of two different management practices in the early life of goat kids (maternal 

vs. artificial milk feeding) on the immune response of the rumen.  They observed that TLRs 1, 2, 5, 8 

and 10 displayed an age-dependent expression, consisting of increased gene expression between 

days 5 and 7 of life and then a subsequent decrease and stabilization.  The increase in expression 

coincided with a rise in VFA concentration and microbial biomass colonization.  However, although 

colonization continued in the following days, this did not trigger higher expression levels.  This is in 

agreement with reports showing down regulation of TLR expression levels in the blood of newborns 
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with increasing age, whereas memory T cells increased in number (Teran et al., 2011, Malmuthuge et 

al., 2012).  The down-regulation of TLR activity might also be promoted by the production of butyrate 

that enhanced barrier function through stable tight junctions signalling (Jiao et al., 2017).  Therefore, 

the few available published studies suggest that down-regulation with increasing age might be one 

mechanism by which the host avoids unnecessary inflammatory responses to commensal microbiota.  

In suckling calves fed raw milk, the expression of IL-8, IL-10 and claudin-4 in the mucosa of the colon 

was low compared to calves of the same age fed heat-treated milk (Bach et al., 2017).  These calves 

fed raw milk had a higher Lactobacilli population suggesting that the down-regulation observed with 

increasing age mentioned above is associated with a more developed microbiota.   

ii) Immunoglobulins find their way into the rumen mainly through saliva, particularly IgA that is 

the major Ig secreted in saliva and also the dominant type in the rumen (Subharat et al., 2015, Abecia 

et al., 2017).  IgA is apparently more resistant to degradation in the rumen compared to IgG, possibly 

because the secretory component of IgA makes the immunoglobulin more resistant to proteases 

(Snoeck et al., 2006).  Secretory IgA coats commensal bacteria in the GIT of calves (Tsuruta et al., 

2012, Fouhse et al., 2017) and the oral microbiota coated with IgA had a greater resemblance to 

whole rumen microbiota than non-coated oral microbiota, suggesting salivary IgA-coating may be a 

host-derived mechanism impacting commensal colonization (Fouhse et al., 2017).  This contrasts 

somehow with earlier works conducted on specific rumen microbes for the development of vaccines, 

which suggest that salivary IgA inhibit certain microbes.  However, a recent work supports the 

hypothesis of Fouhse et al. (2017) by showing that specific immune recognition by IgA facilitated 

bacterial adherence to intestinal epithelial cells that mediates stable colonization (Donaldson et al., 

2018).  This suggests that in addition to its role in pathogen clearance, IgA can drive commensal 

microbes acceptance for colonization.  This, however, remains to be demonstrated in early life 

colonization of the rumen.   

Colonization of the rumen induces also a liver response with transcription of genes that can be 

associated with the development of tolerance to symbiotic microbes (Li et al., 2019).  Following the 

transfer of rumen fluid from an adult cow into lactating calves, the main up-regulated genes in the 

host’s liver were linked to immune response, anti-inflammatory response and cell signalling (Li et al., 

2019).  

Weaning and stabilization of the rumen microbiota 

Important questions addressed in studies on the developing rumen are what are the main driving 

factors for a healthy and functional microbiota at weaning (age, pre-weaning diet, late weaning) and 

at what age the rumen microbiota stabilize and can be considered mature? The weaning transition 
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under standard farm management practices could be a stressful period that reduces intake and 

growth.  The developing rumen of a preweaned calf contains the same dominant phyla, 

Bacteroidetes, Firmicutes, and Proteobacteria, as the postweaned rumen, although the relative 

abundances of these phyla vary with age and stage of development (Li et al., 2012, Jami et al., 2013, 

Meale et al., 2016, Dias et al., 2018).  Generally, the relative abundance of Firmicutes increases after 

weaning, while that of Bacteroidetes declines (Jami et al., 2013, Meale et al., 2016, Meale et al., 

2017b).  However, the precise evolution with time of these phyla as well as the successions of 

bacterial families or genera may be different depending on the type of ruminant and there are even 

differences between studies.  The microbial successions also fluctuate depending on management 

practices, age at weaning or the nature of the feed (Meale et al., 2016, 2017a, 2017b).  For example, 

β-diversity of ruminal microbiota shifted rapidly in early-weaned calves (6 weeks), whereas, a more 

gradual shift was observed in late-weaned calves (8 weeks) (Meale et al., 2017b).  The authors 

concluded that the gradual increase in solid feed consumption of late-weaned calves resulted 

probably in lesser physiological stress during the weaning transition than that observed in early-

weaned calves.  Also, feeding starter concentrate in addition to milk to pre-weaned calves promoted 

greater diversity of bacterial taxa known to degrade readily fermentable carbohydrates in the rumen 

(e.g., Megasphaera, Sharpea, and Succinivribrio) and favoured Methanosphaera instead of 

Methanobrevibacter (Dias et al., 2018).  In this last study, the relative abundance of fungi did not 

change significantly with diet or age, maybe due to high inter-animal variation and low fibre content 

of the diet.  In goats, recent work showed that the rumen microbial community and the metabolome 

before and after weaning are clearly different, illustrating the impact of the diet (Abecia et al., 2018).  

Also in goats, variability and instability in the composition of the methanogen community were 

observed according to the change of diet and age, and stabilization appears to occur at weaning 

(Wang et al., 2017b).  Weaning seems to be a turning point for the rumen with a microbiota structure 

that resembles that of adult ruminants.  Notwithstanding, at lower taxonomical level many microbial 

taxa differed (Dill-McFarland et al., 2017).  The transition from weaning to an adult-like microbiota 

between weaning can take several months and up to one year of age (Fonty et al., 1988, Dill-

McFarland et al., 2017).  

Microbial activities and functions 

Most studies to date have used 16S (18S/ITS) rDNA amplicon sequencing for monitoring the 

rumen microbial colonization.  It is important to complete these studies by measuring microbial 

activities or enumerating functional microbial species to ascertain the establishment of feed-

degrading and other functional activities.  As already mentioned, cellulolytic bacteria and 

methanogens are present in the rumen of 1 to 2-day old ruminants (Fonty et al., 1987, Guzman et al., 
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2015).  Enzymatic activities critical for utilisation of feed nutrients such as plant fibre, proteins and 

starch are detected in the rumen from the first days of life (Rey et al., 2012, Jiao et al., 2015).  These 

activities increase throughout the first weeks showing maximal specific activity at around one month 

of age, which is after the initial stage of microbial colonization is achieved (Jiao et al., 2015).  These 

changes may partially reflect dietary transitions from colostrum to milk or milk replacer, and then to 

a progressive consumption of solid feeds.  As indicated above, methanogenic activity can be 

measured as early as 2-3 days of life (Morvan et al., 1994, Friedman et al., 2017).  The establishment 

of hydrogenotrophic activity in the rumen of lambs, investigated by culture and isotope-labelling 

experiments, appeared also to be sequential.  Hydrogen-dependent acetogenesis was present in the 

rumen of 20-h-old lambs while hydrogenotrophic methanogenesis was detected from 30-h of life.  

Hydrogen-utilizing sulphate-reducing bacteria established by the third day after birth (Morvan et al., 

1994).  The colonization of reductive acetogens after birth was also explored analysing the presence 

of genes acetyl-CoA synthase and formyltetrahydrofolate synthetase in the immature lamb rumen.  

Potential acetogens identified were affiliated with the Blautia genus and the Lachnospiraceae family, 

whereas establishment of methanogenic activity did not substantially affect acetogen diversity in 

these lambs (Gagen et al., 2012).  The functional diversity of the rumen microbiome of the pre-

ruminant calf was also explored through metagenomics (Li et al., 2012).  More than 8000 putative 

Pfam protein families were detected in the rumen of 14-day old calves with up to sixty glycosyl 

hydrolase families identified, indicating a high metabolic potential for carbohydrate processing long 

before weaning (Li et al., 2012).  An increase in carbohydrate metabolism from 5 to 9 weeks of age in 

calves inferred from 16S rRNA gene sequences was also suggested (Meale et al., 2017b), although 

the use of functional metabolic predictions based on taxonomic information should be interpreted 

with prudence (Vieira-Silva et al., 2016).   

Modes of transmission 

It has been conventionally considered that the uterus is a sterile environment and microbial 

inoculation of the newborn’s gut starts immediately after birth, through the vaginal canal, faecal 

material, colostrum, skin and saliva of the dam as well as from the environment.  However, bacterial 

and archaeal DNA has been detected in the rumen, intestines and meconium of calves as early as 20 

min after birth (Guzman et al., 2015), which led the authors to suggest that inoculation of the rumen 

may occur before birth.  Studies on human and on mice newborns suggest that colonization of the 

intestine in these species starts in utero (Ihekweazu and Versalovic, 2018).  This has led to 

investigations in ruminants with contrasting results.  Some studies suggest that the colonization of 

the ruminant intestine may begin before birth (Alipour et al., 2018) but negative results were 

reported by others (Malmuthuge and Griebel, 2018).  Caution should be exerted when interpreting 
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results from humans or other animals as the structure of the placenta and the maternal-fetal 

interaction differ greatly among mammals, with ruminants having the most complete type of 

placental barrier (Benirschke et al., 2012).  Another caveat is contamination when analysing this kind 

of samples with low microbial numbers (Malmuthuge and Griebel, 2018).  The information available 

is not enough to confirm or disprove the in utero transfer of microbes into the gut in ruminants.  

Whether or not the bacterial colonization of the digestive tract begins before birth, the relative 

contribution of all the other sources of inoculation is not well known.  It is well established that the 

dam is an important source of microbial inoculation of the newborn rumen.  Indeed, in newborns 

lambs separated from their dams and reared individually, no cellulolytic bacteria, fungi and protozoa 

established in the rumen (Fonty et al., 1988).  Also, similarities between rumen methanogen 

populations found in newborn twin lambs suggested that the dam was the most important source of 

inoculation (Skillman et al., 2004).  The dam’s oral microbiota may be particularly important because 

of rumination, which would facilitate the oral transfer of rumen microorganisms to the newborn as a 

result of the natural instinct to lick them after birth.  Colostrum and milk are also a source of 

bacterial colonization of the newborn gut.  As for monogastric animals, liquid feeds in suckling 

ruminants go directly to the true stomach, the abomasum, through the oesophageal groove.  

However, the groove is not completely hermetic and small amounts of milk are also found in the 

rumen where taxa able to utilize milk nutrients such as Bacteroides and Lactobacillus are dominant in 

suckling calves fed milk only (Dias et al., 2018).  The ability to grow on milk lactose by F.  

succinogenes can explain the active presence of this cellulolytic bacterium in pre-weaning calves 

(Ghali et al., 2017).  The importance of the microbiota from different body sites of the dam to seed 

the newborn’s gastrointestinal tract was explored recently (Alipour et al., 2018, Yeoman et al., 2018).  

The oral microbiota of the dam most closely resembled the rectal microbiota of the newborn calf in 

the study of Alipour et al. (2018).  Whereas, in the study of Yeoman et al. (2018) the udder skin 

microbiota of the dam shared the largest number of OTUs with both luminal and mucosal microbiota 

of the calves from day 1–21 as compared with colostrum or vaginal samples.  Surprisingly, fibrolytic 

bacteria and methanogenic archaea sequences were identified in the cow vaginal samples, 

suggesting a colonization role during birth (Yeoman et al., 2018).  This is in addition to the important 

role that the dam vaginal microbiota has in colonizing the upper respiratory tract of the offspring 

(Lima et al., 2019).   

Impact of management practices  

Assuming that a key turning point in rumen microbial colonization is the introduction of solid 

feed in the diet (see above), an important issue to address is whether the feeding management of 

the newborn alters the colonization pattern.  Few studies have compared the microbial colonization 
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of the undeveloped rumen in the context of the factors that facilitate (or prevent) the colonization of 

some microbial groups (i.e.  maternal influence, offspring reared in isolation, use of microbial 

modulators, etc).   

As presented above, the dam has an important influence in early colonization.  The maternal 

influence in relation to management systems has been further addressed in recent studies (Abecia et 

al., 2014b, Belanche et al., 2015, Abecia et al., 2017, 2018, Yeoman et al., 2018).  Two main systems 

exist for rearing offspring in ruminant production.  In commercial dairy systems, newborns are 

typically separated from the dam after birth and fed either milk replacer or whole milk.  In contrast, 

in beef and extensive production systems, the offspring remains with the dam until weaning.  These 

two systems, therefore, imply differences in regards to milk type (whole milk vs. milk replacer) and 

contact or not with adult conspecifics that in many cases are confounded.  Protozoa in artificially 

reared animals showed a different colonization pattern as compared to those raised by the dams 

(Abecia et al., 2014a, Belanche et al., 2015).  Natural milk feeding via the dam vs. artificial feeding 

with milk replacer resulted in consistently lower pH in the developing rumen of goat kids that stayed 

with the mothers (Abecia et al., 2014a).  The authors hypothesised that naturally raised kids would 

have consumed more concentrate at an earlier stage as a result of social feeding learning as also 

shown by De Paula Vieira et al. (2012), who observed that the presence of an older companion with 

preweaned calves stimulated feeding behaviour and growth before and after weaning.  In addition to 

learning behaviour, the presence of older conspecifics influences the rumen microbiota as dam-

reared goat kits showed substantially greater bacterial diversity throughout the colonization process 

than those artificially reared (Abecia et al., 2017).  Fibrobacteres (one of the main cellulolytic phyla in 

the rumen) was present in naturally raised kids from day seven after birth; however, it did not 

colonize the rumen of kids kept in isolation from dams until day 28, similarly to Succiniclasticum 

which ferment succinate to propionate.  Also, greater VFA concentration was observed in the rumen 

of kids with dams, which may suggest a quicker establishment of microbial fermentation in these 

animals (Abecia et al., 2014a).  However, it remains unknown whether this distinct microbial 

colonization between animals, reared naturally or artificially, may have effects on the animal 

digestive performance later in life.  The effect of the dam in the colonisation after birth deserves 

further research as it could help to develop new inoculation strategies in livestock farming. 

3. Modulating the gastrointestinal microbiota in young ruminants for health 
and production 

As stated in previous sections, a number of factors influence the GIT microbial colonization in 

young ruminants.  Among them, the type of production system, farm management and diet are the 
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most important.  Good management practices normally recommended to reduce the onset of 

diseases and promote a vigorous growth in the first weeks of life have an obvious impact on the GIT 

microbiota.  For instance, feeding high-quality colostrum allows establishing a beneficial, mucosa-

associated bacterial barrier and thus provides protection against enteric infections in young 

ruminants (Malmuthuge et al., 2015).  Colostrum favours the development of beneficial 

Bifidobacterium whereas it reduces potential pathogens and members of Escherichia and Shigella 

genera in the colon (Song et al., 2019).  Suckling from the dam and contact with conspecific adults is 

the best way to ensure the natural acquisition of a functional GIT microbiota in early life.  However, 

this otherwise natural practice is not always applicable under current production systems and 

nutritional interventions in early-life may be considered to facilitate (or prevent) the colonization of 

some microbial groups.  In some particular cases, contact with the dam might not be recommended 

if there is a risk of transmission of non-desirable microbial populations.  The risk of transmission of 

Mycobacterium avium subsp.  paratuberculosis, the causative agent of Johne’s disease, increased 

with the number of days that newborns remained with affected adults, particularly in the first week 

of life (Burgess et al., 2018).  Inversely, it is reasonable to hypothesize that the contact with some 

animals should be promoted for facilitating the transmission of microbiotas associated to desired 

phenotypes such as reduced enteric methane emission or improved feed efficiency (Shabat et al., 

2016, Difford et al., 2018).   

Diet is a well-known modulator of the GIT microbiota at all ages but it seems to have a particular 

influencing role in the development of the microbiota and the microbiota-host dialogue in young 

ruminants (i.e.:Bach et al., 2017, Dill-McFarland et al., 2019, Dong et al., 2019).  Differences in milk 

processing that can be considered minor from a macronutrient standpoint had large consequences 

on some gut microbial populations and inflammation parameters.  As opposed to heat-treated milk 

(pasteurised and UHT), raw milk increased Lactobacillus numbers, decreased the expression of pro-

inflammatory interleukins, and improved growth in dairy calves (Bach et al., 2017).   

In addition to the management and diet factors cited, two main nutritional interventions in early-

life may be considered to modulate the GIT microbiota.  These are the direct inoculation of specific 

microorganisms and the use of compounds (i.e.  additives) that prevent or facilitate the colonization 

of some microbial groups.  These two strategies are mainly tested for improving phenotypes of 

interest.   

4. Early-life strategies for improving health and production (case studies) 

Feeding live microorganisms to ruminants is not a novel concept and extensive work has been 

published on the use of direct-fed microbials (DFM) (Martin and Nisbet, 1992, Jeyanathan et al., 
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2014).  Theodorou et al. (1990) reported that the addition of an anaerobic rumen fungus, 

Neocallimastix spp., increased intake and live weight gain in calves at weaning, whilst (Ziolecka et al., 

1984, Ziolecki et al., 1984) reported that a stabilized rumen extract enhanced live weight gain and 

stimulated rumen development in calves during weaning.  The use of fresh rumen fluid inoculated in 

early life has gained new attention.  Most recent studies showed that inoculation of fresh rumen 

fluid from adults into the rumen of newborns has a positive effect on productive parameters (Zhong 

et al., 2014, De Barbieri et al., 2015b).  After weaning, average daily gain, intake, digestibility and 

rumen development improved in treated animals (lambs and kits) as compared to non-treated.  

Some of these effects may not last, although the composition of ruminal bacterial communities still 

differed up to 5 months of age, well after the initial inoculation (De Barbieri et al., 2015a, 2015b).   

For specific DFM preparations, the administration of lactic acid bacteria to suckling calves was 

shown to stimulate rumination and ruminal development (Nakanishi et al., 1993) and the use of 

lactic acid bacteria or Bifidobacterium increased feed conversion efficiency and body weight gain 

(Abe et al., 1995).  In this latter work, the DFMs decreased diarrhoea.  The effect of lactic acid 

bacteria DFM on the prevalence of diarrhoea was confirmed in a meta-analysis (Signorini et al., 

2012).  Interestingly, the protection was only observed with multi-strains DFM and for calves fed raw 

milk.  All these effects of lactic acid bacteria can be partially ascribed to the positive modulating 

activities of these bacterial groups on host immunology as described in the subsection Interaction 

host-microbiota (see above).  The rumen bacterium Megasphaera elsdenii uses lactate to produce 

butyrate, a beneficial energy compound used by the GIT epithelial mucosa.  This bacterium was also 

used as DFM in young ruminant with contrasting results.  Muya et al. (2015) showed improved feed 

intake and rumen development, suggesting increased epithelium metabolism and improved 

absorption of digestive end products.  Whereas, no effect was observed in another study using the 

same strain and a similar protocol (Yohe et al., 2018).   

Diarrhoea is one of the main health issues in preweaned ruminants, particularly in dairy (USDA, 

2018).  A low faecal microbial diversity, notably a low relative abundance of Faecalibacterium spp., a 

symbiotic bacterium with known anti-inflammatory activity, was associated with an increased 

incidence of diarrhoea (Oikonomou et al., 2013).  Inversely, Faecalibacterium spp. is positively 

associated with weight gain.  Substantiating these effects, the use of Faecalibacterium prausnitzii as 

DFM in dairy calves decreased the incidence of severe diarrhoea by half and mortality by two thirds 

as compared to untreated controls (Foditsch et al., 2015).   

Another strategy gaining attention is the use of life yeasts in early life.  Although yeasts are 

widely used in ruminant nutrition (Chaucheyras-Durand et al., 2012), the concept of applying them in 

the diet of pre-ruminants to alter microbial colonization is more novel.  It has been showed that 
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yeasts, particularly as DFM, have positive effects on growth, rumen and small intestine development, 

immunity and general health of the calf (Kim et al., 2011, Alugongo et al., 2017).  Specifically, 

Saccharomyces cerevisiae yeast (SCY) can improve DMI, growth, feed efficiency (Lesmeister and 

Heinrichs, 2004, Alugongo et al., 2017) and reduce diarrhoea in calves (Galvao et al., 2005, Brewer et 

al., 2014).  Furthermore, subtle improvements were seen in rumen fermentation (increased butyrate 

production) and rumen papillae growth (Lesmeister and Heinrichs, 2004).  These positive results, 

however, are more pronounced in calves stressed or exposed to significant levels of disease-causing 

agents.  Despite the increasing number of published works studying the use of SCY in early-life of 

ruminants, there is a lack of knowledge about its impact on the microbial colonization.  Recently, 

Terré et al. (2015) reported that supplementing young male calves with live SCY increased the 

presence of the fibrolytic bacterium R. albus in the rumen and it also increased rumen pH but no 

effect was observed on other bacteria and protozoa.  Supplementation of newborn lambs fed milk 

replacer by live yeasts was also shown to increase the colonization of the rumen by F. succinogenes, 

fungi and protozoa (Chaucheyras-Durand et al, personal communication).  Other reported effects of 

SCY are an increase in Lactobacillus in faeces (Fomenky et al., 2017) and greater oxidative burst and 

phagocytosis activity during weaning stress indicating a stronger innate immune response (Fomenky 

et al., 2018).  Generally, for all DFM and the engraftment of adult rumen microbiota, there is still a 

need for further research in whole microbiome analysis and areas such as gut immunity and the 

persistence of effects later in life, especially in dairy systems due to their management of newborns.  

This information is necessary to draw consistent conclusions on their potential in early life.  

5. Early-life strategies for reducing enteric methane emissions (case studies) 

Modulating the microbial colonization in the developing rumen towards communities that 

produce less methane is also gaining attention.  For this objective, compounds used as feed additives 

or feed supplements have been tested with two different approaches: one that specifically targets 

methanogens and the other uses general inhibitors that were described as having various 

mechanisms of action.  For the specific approach, the application of bromochloromethane to young 

goat kids modified archaeal colonisation of the rumen, which was linked to a reduction in methane 

emission of around 50 %.  The effects persisted for 3 months after weaning and cessation of 

treatment in kids raised by does that received the same treatment as the kids (Abecia et al., 2013, 

2014a).  For the generalist modulation approach, different types of lipids and plant extracts with 

proven efficacy to alter microbial metabolism and methane emissions in adult animals were tested.  

Debruyne et al. (2018) tested in goats prenatal and postnatal supplementation with coconut oil 

medium chain fatty acids.  The treatment reduced in vitro methane emissions in four-week-old kids 
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by reducing methanogen abundance and activity but at the expense of rumen fermentation and 

eubacterial abundance.  Unfortunately, the treatment also suppressed daily gain of treated kids.  

Some rumen papillae characteristics differed at 28 weeks old due to postnatal treatment which 

ended at week 11 of life, indicating rumen papillary development can be affected by the early-life 

nutritional management.  Saro et al. (2018) tested a combination of garlic oil and linseed oil in early-

life of lambs and the potential impact of re-treating the animals later in life.  The archaeal 

methanogenic community was modified during the treatment but, in accordance with methane 

emissions, disappeared afterwards.  In contrast, bacterial community structure differed between 

treated and non-treated lambs during and after the intervention.  Rumen and urine metabolomics 

profiles conducted after the intervention ceased, highlighted interactions between microbes and 

metabolites, notably that of methylated compounds and Methanomassiliicocceae methanogens.  

They demonstrated that a long-term early-life intervention induced modifications in the composition 

of the rumen bacterial community that persisted after the intervention ceased with little or no effect 

on archaeal and protozoal communities.  However, there was no persistence of the early-life 

intervention on methanogenesis suggesting a notable resilience for this function.  Similarly, Lyons et 

al. (2017) treated lambs with linseed oil and found persistence of differences in the bacterial 

community structure but not associated changes in phenotypic response. 

Methanogens occupy a specific niche in the rumen ecosystem.  When methanogens are 

inhibited, there is a shift in hydrogen flow and other electron-donor metabolites towards alternative 

electron acceptors such as propionate.  This implies the rearrangement of trophic networks and 

changes in microbial populations that are mainly observed for the bacterial communities in all 

studies cited above.  The abundance of methanogens was not always affected but their diversity was 

commonly altered although the changes were different probably due to the type of inhibitor used.  

Linseed and garlic oil decreased the Methanomassiliicoccales relative abundance in lambs (Saro et 

al., 2018).  Bromochloromethane increased the relative abundance of Methanobrevibacter and 

decreased that of Methanosphaera in kids (Abecia et al., 2014b).  Whereas, linseed increased 

Methanosphaera relative abundance in lambs (Lyons et al., 2017).   

6. Summary and outstanding questions/future trends 

From birth, ruminants are constantly exposed to different sources of microbes. The 

establishment of stable communities depends on the creation of suitable conditions with a close 

interplay between diet and maturation of the GIT.  The sequential evolution of the gut microbiota 

that is followed by the expansion of metabolic functions is a coordinated process that matches the 

anatomical and physiological development of the GIT.  In the non-ruminant phase (0–3 weeks), the 
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establishment of a diverse microbial community, particularly bacteria in the post-gastric section, is 

important for health and grow (Oikonomou et al., 2013, Bach et al., 2017), whereas changes in the 

rumen are predominant during the transition (3–8 weeks) and rumination phases (+8 weeks of age) 

(Jiao et al., 2015).  The periods when these alimentary, anatomical and physiological modifications 

occur seem to be the more suitable for interventions for long-term modifications of the GIT 

microbiota (Dill-McFarland et al., 2019).  

The GIT microbiota at an early age is influenced and can be modulated by various strategies 

(Figure 2).  Nevertheless, for the application of these strategies in farms there are still some 

outstanding questions that need to be addressed.  Ongoing research on the role of GIT microbiota on 

animal phenotypes will bring information on the type of microbial communities that should be 

favoured in young ruminants.  The effect of the prenatal period, including whether there is a prenatal 

colonisation of the GIT and its role in the establishment of the mature microbiota have to be 

assessed.  Similarly, the best window(s) of age when the microbiota could be modulated have to be 

refined.  Establishment of different populations might not be a single isolated event and a continuous 

exposure seems to be necessary for acquiring adult-like communities (Morgavi et al., 2015) or 

successfully engraft specific microbes (Yohe et al., 2018).  A better definition of the role of early 

microbial communities on the host-microbiota dialogue and the regulation of the immune system is 

also important for this subject.  Expected advances in all these topics in the coming years have the 

potential to improve the sustainability of ruminant production through better health in young 

animals and enhanced efficiency.  

7. Where to look for further information 

Key conferences 

- Gut Microbiology Symposium; jointly organized by INRA France and the Rowett Institute – 

Aberdeen University, every two years 

- Congress on Gastrointestinal Function; in Chicago (USA) every two years  

- Annual meetings from animal science societies such as Annual Meeting of the European 

Federation of Animal Science and American Dairy Science Association 

- Smart Calve rearing Conference (https://smart-calf-rearing.com) 

Major international research projects and networks 

- Rumen Microbial Genomics Network, Global Research Alliance-Livestock Group.  A large 

international network fostering collaborations and exchanges between microbiologists 

working with ruminants 
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(https://globalresearchalliance.org/research/livestock/networks/rumen-microbial-genomics-

network/) 

- MASTER (Microbiome Applications for Sustainable food systems through Technologies and 

EnteRprise) a H2020 project focusing on the characterisation and modulation of microbiomes 

from different environments including the GIT of ruminants (http://www.master-h2020.eu/) 
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Table 1.  Time line for colonisation of the major bacteria phyla from birth to adulthood (values 

expressed as range of mean percentages) 

  Age 

 3-days 7-days 14-days 28-days 42-days 6-months 2-years 

Phyla        
Bacteroidetes 13.9-42.6 56.3-56.9 46.0-61.3 49.9-56.3 56.3-74 38.5-55.2 38.5-50.2 

Firmicutes 5.1-13.9 13.9-17.5 13.9-34.0 13.9-42.1 10-43.9 36.8-48.9 34.5-56.7 

Actinobacteria 0.05-4.9 0.6-4.9 0.9-4.9 0.3-4.9 0.3-4.1 3 3 

Fusobacteria 4.7-5.5 4.7-5.3 0.2-0.6 0.2-0.3 0.2-0.4 0.1 0.1 

Spirochaetes 0-0.4 0.1-0.4 0.4-2.6 0.4-0.9 0.4 0.7-1.2 0.9-2.5 

Fibrobacteres 0-0.3 0-0.3 0.2-0.3 0.3-1.5 0.3-1.6 0.2-1.7 0.5-2.1 

Tenericutes 0 0.8 0.2 0.9 1.0 1.0-1.6 1.3-2.3 

Data collected from Li et al. (2012); Jamie et al. (2013); Rey et al. (2013); Yáñez-Ruzi et al. (2015); Abecia et al. (2018) 
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Figure 1. Microbial colonisation of the lamb rumen.  Colonisation of the rumen by microbial groups 

detected by cultural and molecular methods.  Lambs were kept with their dams. Arrows indicate the start of 

the colonization period. 
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Figure 2. Acquisition of gastrointestinal microbiota in early life could be modulated (blue arrows) through management and 
targeted interventions to favour health and phenotypes of interest such as increased feed efficiency and decreased methane 
emissions.   
Modulating options are: allowing contact with dams or mature conspecific harbouring a desirable microbiota, inoculation with 
gastrointestinal contents (engraftment) obtained from mature conspecific, diet and supplementation with direct-fed microbials 
(DFM), prebiotics and feed additives. 

 


