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Introduction 
 

Most of what we “know” about the microbial ecosystem of the rumen and the gut 
of cattle comes from correlative studies based on end-products and animal 
performance, but largely the function of the microbial ecosystem has remained a “black 
box” (Krause et al., 2013). There has been a revolution in the past 15 years in terms of 
information from Next Generation Sequencing (NGS) that has opened the composition 
and inner workings of the microbial population of the gut in ways that could never be 
imagined by Hungate or Bryant (Dowd et al., 2008, Callaway et al., 2009, Callaway et 
al., 2010, Lourenco et al., 2019, Lourenco et al., 2020, Welch et al., 2021). The ability to 
visualize the microbiome has enabled us to link specific bacteria (or fungi, or protozoa) 
to specific outcomes in a way that we can finally understand which microbes are most 
beneficial to the host or are selected for by diet or treatment.  However, in many ways, 
this new power has been wielded like a child with a found handgun; pointed randomly to 
little purpose but making a loud noise. Instead of adding antibiotics to a diet and 
expecting “something good” to happen in terms of production response, but not 
understanding how (Pennycook and Scanlan, 2021); we can now determine which 
ecological factors impact the composition and degradative activity of the microbial 
population (Moraïs and Mizrahi, 2019, Grieneisen et al., 2021). As we further our 
understanding of how the microbiome functions in the real world, we can begin to make 
directed/targeted changes in the microbial population that can directly impact the 
animal. 
 

Symbiosis: The Ruminant Gut 
 

The symbiotic relationship between the ruminant animal and the resident 
microbial ecosystem of the gastrointestinal tract is unique and allows the ruminant 
animal to thrive on diets that monogastrics cannot (Hungate, 1944, 1947, Bryant and 
Burkey, 1952, Bryant, 1959, Bryant and Robinson, 1962, Hungate, 1966). The presence 
of this complex resident microbial consortium of bacteria, protozoa, and fungi gives the 
ruminant adaptability to utilize a wide variety of feedstuffs; however, this comes at a 
cost of feed efficiency, and in modern terms, reduced environmental sustainability. The 
anaerobic environment of the gut means the microbial population must depend upon the 
process of fermentation which produces the volatile fatty acids which is utilized by the 
host, but also H2, CO2, and CH4 which are not utilized by the host animal. Methane 
(CH4) is a greenhouse gas, but also represents a loss of carbon and energy from the 
ration that could be used for growth or milk production (McAnally and Phillipson, 1944, 
Johnson and Johnson, 1995, Boadi et al., 2004, Wright et al., 2004). Thus, the 



fermentation characteristics clearly impact the host animal’s physiological status, 
including fetal growth, lactation, and milk composition (Weimer et al., 2017). Moreover, 
the microbial population will change during the life of the cow from weaning through 
breeding and will also change dramatically with dietary shifts during the production cycle 
(Krause et al., 2020, Welch et al., 2020, Welch et al., 2021). 

 
We have long recognized the gastrointestinal microbial population as a great 

biochemical reservoir of degradative activity (Figure 1), but the relationships between 
the individual microbes and their substrates, fermentation pathways, affinities, and end-
products remain largely unknown except for a few well-studied species (e.g., 
Ruminococcus, Streptococcus) who are involved in fiber and starch fermentation 
(Ransom-Jones et al., 2012, Bandarupalli, 2017, Seshadri et al., 2018, Henderson et 
al., 2019). Next Generation Sequencing now allows us to “see” the composition of a 
large microbial population at once, so that instead of measuring what we consider to be 
“key” or “important” species we can determine the actual keystone organisms in real 
world conditions (Thomas et al., 2017).  For instance, the presence of Ruminococcus 
populations were linked with beef cattle growth efficiency from weaning throughout the 
backgrounding and feedlot period (Krause et al., 2020, Welch et al., 2020, Welch et al., 
2021). This technology allows us to begin asking questions about which specific 
microbial organisms are important and which are linked with increased milk production 
or altered body composition.  

 
Figure 1. Role of the ruminal microbial population fermentation on ruminant nutrition. 
 

Changes in the Gastrointestinal Microbial Ecosystem 
 

The specific end-products of the gastrointestinal microbial fermentation vary 
based upon diet, and most especially upon energy density of the ration. We understand 
the impact of starch feeding on lactate production leading to acidosis (or subacute 



acidosis) in our highest producing cows; but we have not demonstrated how starch 
impacts the microbial population of the gut in relation to the diet. While we do know that 
propionate is a primary end-product of ruminal starch fermentation, it results in a certain 
degree of milkfat depression (Hook et al., 2011). However, increasing acetate 
production from forage feeding to enhance milkfat production, results in increased 
methane production, which is a potent greenhouse gas and represents a significant loss 
of carbon and energy to the host cow (Hornung et al., 2018, Wallace et al., 2019, 
Bowen et al., 2020). Thus, we need to understand which organisms in the microbial 
population are linked with production of each of these important short chain fatty acids 
to manipulate the ruminal fermentation to meet the goals of your specific producers. 
 

As calves mature, the microbiome changes throughout the gut and include the 
calf becoming a functional ruminant animal (Welch et al., 2021). Studies following beef 
calves from weaning through backgrounding and into the feedlot have found increasing 
microbial diversity in the rumen and hindgut as calves age (Krause et al., 2020, Welch 
et al., 2020, Welch et al., 2021). Specific members of the microbial population have 
been identified that are linked with increased production efficiency (Feed:Gain), and 
with carcass quality (marbling) (Krause et al., 2020, Welch et al., 2020, Welch et al., 
2021). The fecal populations of methane producing organisms (archaea; methanogens) 
were increased in feedlot steers that were less efficient, compared to the more efficient 
steers (Carmichael et al., 2022). These studies indicate that the specific composition of 
the microbial population inhabiting the gut can have profound impacts on cattle 
physiology and energetic status. 
 

While we have used antibiotics for years to alter the end-products of the ruminal 
(and gastrointestinal) fermentation in animals, we have not understood how antibiotics 
work to improve food production efficiency. As we increasingly regulate the use of 
antibiotics in animal agriculture, we have got to replace their benefits with some 
alternatives. To do so, we must understand HOW these compounds impact (i) animal 
performance, (ii) fermentation characteristics, and (iii) the native microbial population.  
The use of NGS allows us to finally begin to understand these impacts, and how 
alternatives to antimicrobials (ATA) genuinely work. Afterwards, we can begin to 
understand how each ATA impacts the microbial population and resultant milk 
production. Once we understand how those linkages actually function (as opposed to 
theoretically), then we can develop specific strategies tailored for specific production 
stages, specific health challenges (e.g., hemorrhagic bowel syndrome), production 
goals (e.g., fluid milk or milk fat), or even down to individual farms. 

 
The improved understanding of antibiotic action will allow us to fully understand 

what probiotic approaches (including eubiotics, prebiotics, organic acids, and 
postbiotics) accomplish in the gut in terms of microbial ecological impacts. Figure 2 
demonstrates the hypothesized impacts of probiotic approaches. Most of the effects are 
derived from stimulating a native (or introduced in case of eubiotics) microbial 
population to produce antimicrobial proteins (AMPs) or short chain fatty acids (SCFAs). 
These end-products can inhibit opportunistic (or obligate) pathogens from inhabiting the 
mucus layer near the epithelium of the gut. Excluding pathogens from this proximate 



layer can prevent pathogen entry to epithelial cells and prevent them instigating 
inflammation. When epithelial cells undergo inflammation, the proteins holding epithelial 
cells in close proximity become weaker, and this loosens up the tight junctions between 
cells, which can allow the passage of toxins and pathogens into the bloodstream which 
can have very deleterious impacts throughout the animal. Probiotic action is thought to 
prevent this pathogen proximity but can also modulate the immune system by 
stimulating dendritic cell “sampling” of the gut microbiota, altering T- and B-cell 
proliferation which affects downstream cytokine regulation. Interestingly, a recent study 
has shown that when probiotics were fed to high producing lactating Holstein cows, the 
probiotic altered the expression of more than 11,000 genes of these cows (Adjei-
Fremah et al., 2017). The genes that were both up- and down-regulated were scattered 
across 87 different bovine metabolic pathways, many of which involved suppression of 
inflammation and growth hormone production (Adjei-Fremah et al., 2017). Further 
studies have demonstrated that probiotic feeding in cattle affects changes in the 
production of many of the B-vitamins that meet the cow’s requirements (Vandana et al., 
2013). 
   

 
Figure 2.  Modes of action of probiotic-type approaches to harness the power of the 
microbiome. An area, where we can now fully determine the impacts of both pro- and 
anti-biotic treatments, that offers opportunities to improve production efficiency. 
 

Words of Caution 
 

Being able to identify the microbial populations in detail has been intoxicating to 
microbial ecologists, and they have been tempted to use the microbiome analytic tools 
to answer all questions similarly to the axiom- “all the world looks like a nail when you 



have a hammer”. The temptation has been to perform microbiome analyses on all cattle 
in an undirected fashion, but without understanding the microbial activity or the nutrition 
and animal production factors this knowledge carries limited practical impact. We can 
look at a microbiome analysis like we would someone using a class photograph of 
elementary students to predict the impact of a group of children on society as adults. A 
class photo simply demonstrates the presence of absence of a member of the “class” 
on a specific day.  This information in isolation has little value in our pursuit of societal-
level impact, but when compiled over time/locations and other metrics aggregates 
value. Combining several metrics such as: continued daily attendance (which is often 
correlated with grades), discipline issues, grades, activities, clubs, internships, and 
goals; along with collegiate selection, work ethic, majors, personal ethics, activities, and 
jobs after college; begins to accumulate predictive value. Compiling this spectrum of 
“production” metrics can allow us to build models that are predictive of outcomes, both 
at an individual and societal level. So, by looking at the microbiome composition in 
cattle can tell us what is happening at that moment, but not much more. As we 
accumulate more information from multiple herds and conditions, including beef and 
dairy, we will be able to overlay a number of cattle over time, fed different diets, 
producing different milk fat and/or protein percentages, and different milk yields along 
with end-products (e.g., methane, VFA, ammonia, microbial crude protein). As this data 
accumulates, we can begin to construct a predictive model to harness the power of the 
microbiome. 
 

Summary 
 

Much like the new James Webb Telescope that allows us to see deeper into 
space, Next Generation Sequencing allows us to see deeper into the microbial world, 
including that within the gut of humans and food animals. The ability to understand 
which microbes are present in specific diets and production conditions, and which end-
products they are linked to provides potential power to be able to predict outcomes. 
Clearly, the microbial population of the gastrointestinal tract impacts animal 
performance, efficiency, sustainability, animal health, and food safety. NGS allows us to 
be able to finally understand what probiotic and pathogen controlling approaches do to 
replace antibiotics and improve fermentation efficiency, production sustainability, 
production quality/quantity, animal health, and food safety. These new techniques offer 
the possibility of truly understanding how the ruminant microbial population works with 
the host animal to degrade feed and can allow us to simultaneously control production 
efficiency, end-products, and wasteful fermentations to improve sustainability and (more 
directly important to us) profitability of dairy production. 
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