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ABSTRACT 
 
 
 

CHARACTERIZING THE INFLUENCE OF A BACILLUS DIRECT-FED MICROBIAL 

SUPPLEMENT ON LOW QUALITY ROUGHAGE DIGESTIBILITY 
 
 
 

Four experiments were conducted to evaluate direct-fed microbial (DFM) supplementation as 

an alternative to ionophores for improving nutrient utilization of low-quality roughages in beef 

cattle. Total collection trials were used to evaluate the effects of a Bacillus-based DFM product 

and Rumensin in beef cattle consuming corn stalks (Experiment 1) and grass hay (Experiment 

2). Sixteen rumen-cannulated crossbred Angus steers (831 ± 89.4 kg) were used in a 

randomized block design with a 2 × 2 factorial arrangement of treatments for each experiment. 

Treatment included: 1) negative control (NC); 2) Bacillus-based DFM (B; 3 g∙animal-1∙d-1/d); 

3) Rumensin (R; 250 mg∙animal-1∙d-1/d), and Bacillus-based DFM + Rumensin (BR). For 

experiments 1 and 2 digestion experiments were replicated twice, with 30 d washout periods 

between treatments. Apparent nutrient digestibility and retention were determined through total 

fecal and urine collections and daily rumen samples were obtained 2 hours post-feeding for 

short chain fatty acid (SCFA) analysis. Rumensin supplementation increased ADF digestibility 

of the corn stalk diet compared to the controls (P < 0.04), but DFM supplementation did not 

improve fiber digestibility or nitrogen retention compared to the control treatment on either 

diet (P > 0.05). Molar proportions of acetic, propionic, and butyric acids were similar across all 

treatments for cattle consuming the CS diet (P > 0.05). Acetic acid made up a greater proportion 

in the RB treatment than in the B treatment (P < 0.05), and propionic acid made up a lower 
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proportion in the RB treatment than in the R or B treatments (P < 0.05) when cattle were 

consuming the GH diet. 

In vitro fermentation was used to investigate the impact of Rumensin and a Bacillus-based 

DFM, alone and in combination, on in vitro dry matter disappearance and the molar 

proportions of SCFA. Rumen fluid was collected from steers fitted with rumen cannulae on the 

aforementioned treatments, two hours post-feeding and day 5 of the digestibility experiment. 

In vitro batch culture fermentations were conducted in triplicate using rumen fluid from steers 

exposed to their appropriate dietary treatment for 30 d with ground corn stalks during 

experiment 3 and ground grass hay during experiment 4. In vitro samples were analyzed after 

0, 12, and 24 hours of incubation. Dry matter disappearance increased with incubation time but 

was not affected by treatment for either forage type. For fermentation corn stalk fermentations, 

R increased molar proportions (P < 0.001) of propionate and decreased (P < 0.01) the molar 

proportions of acetate and the acetate:propionate ratio, while B increased (P < 0.03) molar 

proportions of butyrate. When grass hay was used as a substrate, molar proportions of butyrate 

decreased (P < 0.05) in steers receiving R compared to all other treatments. Results 

demonstrate that R alters SCFA fermentation patterns in a forage-dependent manner, while 

Bacillus-based DFM selectively increases butyrate production. Under the conditions of these 

experiments, findings suggest differential effects of R and DFM on ruminal fermentation, with 

limited evidence supporting DFM as a direct replacement for ionophores. Additional research 

is warranted to elucidate mechanisms and optimize DFM efficacy for livestock production. 
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CHAPTER 1: REVIEW OF LITERATURE
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MASS BALANCE TRIALS 

Historical Perspective of Balance Trials 

Conducting a balance trial, from an external view, is deceivingly simple: offer a known amount 

of feedstuff, collect total fecal and urine excreta, and calculate the difference in dry matter and/or 

nutrient density of the two. Total collections of even docile animals raise concerns about welfare, 

applicability, accuracy, and human safety. These complications have led to many iterative 

changes over the past century, which are partially reviewed below.  

Before conducting excreta collections, the feed must be prepared, sampled, delivered, and 

recorded accurately. This involves carefully tracking feed intake and refused feed (orts) to avoid 

overestimating digestibility (Mitchell, 1942). Other essential aspects of feeding that affect the 

accuracy of collections include animal docility, schedule consistency, shared intake across 

treatments, and transition periods prior to collections (Cochran and Galyean, 1994).  

Developments in Fecal Collections 

Fecal collections prior to the turn of the 20th century would be well represented by the one 

presented in the experiment station bulletin by Shaw and French (1897; Figure 1, left photo). 

These researchers included a reference image of their collection apparatus, noting the design was 

recommended by Dr. Armsby, a prolific scientist who studied animal energetics. It is notable that 

this publication’s design is reminiscent of more recent apparatus (Figure 1, right drawing; 

Tolleson and Erlinger, 1989). This recent apparatus comprises three major sections of the 

harness system, lined with fleece padding, that retain the diaper in an upright, forward position to 
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prevent feces from escaping. Additionally, the attachment straps that connect the diaper to the 

harness can be lengthened/shortened to accommodate various animal sizes. 

      

Figure 1: Left, adapted from Shaw and French (1897); Right, adapted from Tolleson and Erlinger (1989). 

The fecal collection bag utilized by Garrigus and Rusk (1939) was adapted from earlier research, 

noting the following design aspects: 1) constructed with a heavyweight waterproofed duck that 

had reinforced seams, 2) a bib that fit snugly around the tail head and under the belly to direct 

feces backward, and 3) the cylindrical part of the bag was fashioned to extend past the hock of 

the steer without touching the ground. Later research by Kartchner and Rittenhouse (1979) used 

a burlap urine deflector, a slight modification of the aforementioned fecal bag, to prevent urine 

contamination of feces during the collection of heifers and cows. Many recent fecal collections 

(Hales et al., 2012; Jennings et al., 2018; Ponce et al., 2024) cite the design of Tolleson and 

Erlinger (1989), who appear to have optimized the dimensions of the harness that restrains the 

fecal collection bag.  
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Developments in Urine Collections 

The collection of urine from heifers and cows is substantially more challenging than from steers; 

therefore, the methods will be reviewed separately.  

Many adaptations have been made to steer urine collection since the report by Shaw and French 

(1897). However, the method of steer urine collection has stayed relatively consistent: introduce 

a shroud that creates a seal around the penis, allowing for the diversion of urine through a hose 

and into a collection vessel. Various methods for retaining the shrouds have been used, including 

elastic belts (Paulson and Cottrell, 1984) and webbing harnesses (Border et al., 1963). Recent 

publications combine both methods, in which a tube is attached to the underside of a rubber 

shroud, similar to the setup described in the previous paper. The shroud is then applied to the 

belly of the animal with straps, as used in the latter paper.  

To increase animal mobility and facilitate the collection of feces and urine from cows, Gorski et 

al. (1957; Figure 2, left) developed a novel apparatus with canvas urine and fecal bags separated 

by a wire frame. This method, which used two separate bags, was adapted to incorporate urine 

and fecal "chutes" attached to collection cans placed behind metabolism stalls (Hughes, 1963; 

Figure 2, center). More recently, Deliberto and Urness (1995; Figure 2, right) created a 

lightweight device by reinforcing the edges of a plastic bag with a large burlap strip before using 

adhesive to secure the bag around the vulva. 



 5 

           

Figure 2: Left, adapted from Gorski et al. (1957); Center. adapted from Hughes (1963); Right, adapted from 

Deliberto and Urness (1995) 

An alternative method to the attachment of an apparatus around the vulva is to use an inflatable 

urethral catheter. This method was used by Cunningham et al. (1955) to collect urine from cows 

after observing its use in ewes. Subsequent research by Lesperance and Bohman (1961) took the 

same concept but secured a urine collection bag to the animal and added a one-way valve for 

grazing studies.  

Rubber "urinal" designs were tested in conjunction with a complex harness system by van Es and 

Vogt (1959) to identify alternatives to catheterization. A recent design, which resembles the 

designs tested by van Es and Vogt (1959), uses a polypropylene urine cup with an underlying 

metal brace, secured to the animal with a harness (Lascano et al., 2010). This design overcomes 

challenges of many previous designs: 1) no adhesive needs to be used for securing the device, 

increasing animal welfare; 2) the device is noninvasive and discrete, increasing animal comfort 

and mobility; and 3) the device's application to the animal is simple, increasing the usability. In 
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each case, gravity (or bladder pressure in the case of the urethral catheter) moves urine through a 

connected hose into the collection vessel.  

      

Figure 3: Left, adapted from van Es and Vogt (1959); Right, adapted from Lascano et al. (2010). 

Developments in Metabolism Crates 

Metabolism crates are semi-permanent equipment that animals inhabit for the length of a 

collection period. Each stanchion consists of an elevated floor with urine trays beneath and feces 

trays behind the animal. This equipment has been used in numerous total-collection studies since 

the early 1900s, with Briggs and Gallup (1949) describing an early stanchion design. Later 

alterations to this design were made by authors such as Nelson et al. (1954), who added metal 

frames for greater rigidity and metered waterers, and Aschbacher (1970), who improved access 

to the animal and made the stall adjustable to accommodate various cattle sizes. Smith (1979) 

would replace wood flooring with metal and redesign the urine tray to reduce fecal 

contamination. This author was specifically interested in using stalls, based on a report by 
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Webster et al. (1974), which found that fecal collection bags significantly reduced digestion 

compared with collections conducted in a chute. 

Historical Perspective of Feed Evaluations 

After total collection is completed, the feed and feces are dried to determine dry matter (DM) 

before assessing nutrient concentrations. The mass difference between the two indicates what 

was digested and made available to the animal. However, the mass difference is not the end of 

the analysis, as the nutritive composition is of primary interest.  

Understanding of nutrients and their measurement has increased rapidly over time as technology 

and chemistry have advanced. Before the 1780s and the French chemical revolution, early 

explanations of nutrition were grounded in little scientific evidence (Carpenter, 2003). The 

author shares an exceptional quote from the French physiologist Francois Magendie, “Nutrition 

has often been the subject of conjectures and ingenious hypotheses—but our actual knowledge is 

so insufficient that their only use is to try to satisfy our imagination. If we could arrive at some 

more exact facts, they could well have applications in medicine.” Less than a century later, by 

the mid-1800s, articles on measures of body heat by Lavoisier and Laplace (republished by M. 

Solovine, 1970), on energy by Joule (1843), and on nitrogen by Dumas (1831) had been 

published, to name a few.  

Prior to and into the early 20th century, the basis of nutrition was primarily on proximate 

analysis, including crude protein, crude fiber, crude fat, nitrogen-free extract (NFE), and ash. 

Many of these methods were first described in a technical manual published by Henneberg and 

Stohmann (1860).  
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Proximate Analysis 

All crude protein (CP) techniques rely on the assumption that protein consists of ~16% nitrogen, 

meaning that protein can be calculated as 6.25 × N (Simonne et al., 1997). At the time of their 

publication, Henneberg and Stohmann (1860) would have determined the CP content of their 

samples using a method published by Dumas (1831), which derives a nitrogen value by heating a 

sample with copper and oxidizing agents to create nitrogen oxides, which are reduced, resulting 

in elemental nitrogen (AOAC 990.03). This method is used by LECO (LECO Corporation, St. 

Joseph, Michigan) instruments today. Another method for determining nitrogen content was later 

published by Kjeldahl (1883), which used sulfuric acid to obtain mineral nitrogen, which was 

followed by distillation and titration through forming ammonium-borate complexes (AOAC 

984.13). Nitrogen content of the excreta led to reports of unaccounted-for nitrogen from feed, 

leading to the hypothesis of nitrogen being partially lost as gas (Armsby, 1885). 

The crude fiber (CF) analysis (Weende system) was developed in an earlier publication by 

Henneberg and Stohmann (1859), which measured the remaining sample weight after reflux in a 

base and an acid (AOAC 978.10). Over a century later, the neutral detergent fiber (NDF) and acid 

detergent fiber (ADF; AOAC 973.18) system by Soest (1963A; 1963B) would become the 

primary measure of fiber content. This more descriptive system divides fiber into 1) NDF, 

representing the hemicellulose, cellulose, and lignin, and ADF, representing cellulose and lignin. 

The NDF and ADF system is still utilized today by various feed laboratory groups. 

Specifically,  Dairy One (Dairy One Cooperative Inc., Ithaca, New York, 14850) has made their 

NDF reagents publicly available: 1) sodium dodecyl sulfate and sodium sulfite to degrade 

protein and fats, 2) ethylene diamine tetra acetic acid to remove calcium, magnesium, zinc, and 

pectins, 3) triethylene glycol and alpha-amylase to remove starch, and 4) sodium borate and 
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sodium phosphate as buffers. Sodium sulfite was included in the NDF procedure to clean up 

residues and reduce sample variance (Hintz et al., 1996). The addition of amylase, albeit being 

described by Soest and Wine (1967) not long after the origin of the NDF methods, is a more 

recent industry standard and is denoted as amylase-treated NDF (aNDF; Mertens, 2002). 

The next-largest component, calculated in Henneberg and Stohmann’s (1860) proximal analysis, 

is soluble carbohydrates, reported as the nitrogen-free extract (NFE). This value was calculated 

as the mass remaining after isolating all other proximal components, including ether extract and 

ash. In their second issue of the same publication, Henneberg and Stohmann (1864) presented 

data suggesting that the NFE component was better digested than CF. 

Energy Calculations 

To summarize the energy available to the animal from the feed, the 15th Edition of Feeds and 

Feeding (Henry and Morrison, 1915) introduced total digestible nutrient (TDN) values, which 

were calculated as: 

𝑻𝑫𝑵 = 𝟏𝟎𝟎 ×
𝑫𝑪𝑷 + 𝑫𝑪𝑭 + 𝑫𝑵𝑭𝑬 + (𝑫𝑬𝑬	 × 	𝟐. 𝟐𝟓)
𝑪𝑷 + 𝑪𝑭 + 𝑵𝑭𝑬 + 𝑬𝑬 + 𝒂𝒔𝒉 −𝒎𝒐𝒊𝒔𝒕𝒖𝒓𝒆

 

These values were combined with the gross energy (GE) supplied by each nutrient, based on 

digestion coefficients (digestion losses) from prior research, to simplify feeding values. It is 

important to note that, because of the large amounts of energy consumed, researchers began 

using the kilogram-calorie unit (Therm) instead of the gram-calorie unit (Armsby, 1907). This 

value represents the heat required to raise the temperature of 1,000 kg of water by 1º C. In the 

20th issue of Feeds and Feeding, Morrison (1936) developed the Morrison feeding standards, 

which separated digestible protein from TDN due to the importance of proteins being outside of 
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energy production. These values would become the most widely used in the United States by the 

1950s, as Lofgreen (1951) reported.  

A more direct measure of energy than TDN is Digestible energy (DE), as discussed by Lofgreen 

(1951). The author also reports greater accuracy due to the handling of ash and water relative to 

TDN calculations, with both nutrients yielding 0 kcal in a bomb calorimeter.  

Other authors had previously published concerns about the inaccuracy of protein within TDN 

calculations due to the unaccounted-for nitrogen excreted in the urine (Maynard, 1947). The 

author recommended using DE in bomb calorimetry rather than TDN. The digestible energy 

value can be represented as follows, calculated as the difference in GE of feed and feces:   

𝑫𝑬 = 𝑮𝑬 − 𝑭𝒆𝒄𝒂𝒍	𝑬𝒏𝒆𝒓𝒈𝒚 

Due to an overwhelming majority of literature reporting TDN, Lofgreen (1951) composed the 

following representative equation to convert DE values to those of TDN: 

𝑫𝑬 = 𝟏𝟎𝟎 ×
𝑫𝑪𝑷 + 𝑫𝑪𝑭 + 𝑫𝑵𝑭𝑬 + 𝑫𝑬𝑬

𝑪𝑷 + 𝑪𝑭 + 𝑵𝑭𝑬 + 𝑬𝑬 + 𝑨𝒔𝒉 +𝑴𝒐𝒊𝒔𝒕𝒖𝒓𝒆
 

Many authors, including Mitchell (1942), described the benefits of using metabolizable energy 

(ME) due to it being a more specific feeding value than the predominant TDN value at the time, 

as it considers gaseous and urinary nutrient loss in addition to fecal losses:  

𝑴𝑬 = 𝑫𝑬 − (𝑼𝒓𝒊𝒏𝒂𝒓𝒚	𝑬𝒏𝒆𝒓𝒈𝒚 + 𝑮𝒂𝒔𝒆𝒐𝒖𝒔	𝑬𝒏𝒆𝒓𝒈𝒚) 
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Although the ME values are closer to the true value of feed to the animal, the energy is not 

utilized by the animal and was not captured in the 'starch values' of Kellner (1908). Armsby and 

Fries (1919) discussed that the deficit in these energy calculations stemmed from the assumption 

that maintenance energy was primarily used to support normal body temperature. However, as 

eloquently stated by the authors, “The body usually does not metabolize because it must produce 

heat, but produces heat because it metabolizes.” 

Atwater (1905) reported the net energy (NE) values of humans using a chamber that combined 

respiration and direct calorimetric measures, allowing for further corrections from metabolizable 

energy calculations:  

𝑵𝑬 = 𝑴𝑬−𝑯𝒆𝒂𝒕	𝑰𝒏𝒄𝒓𝒆𝒎𝒆𝒏𝒕	𝒐𝒇	𝑭𝒆𝒆𝒅𝒊𝒏𝒈 

Armsby (1916) reported NE values for various biological states, based on numerous respiration 

chamber studies conducted at Pennsylvania State University (Armsby, 1913; Armsby and Fries, 

1913). Eventually, Lofgreen and Garrett (1968) introduced the Net Energy System, which is 

currently used in the United States. This system is based on the observed differences in NE 

required for maintenance, reported as NEm, and for growth, reported as NEg (Garrett et al., 1964). 

However, instead of using respiration chambers to calculate heat production, comparative 

slaughter was used to estimate it by subtracting the energy retained in tissues from ME intake 

(Lofgreen et al., 1963). Ultimately, these studies allowed for the calculation of heat production at 

varying levels of ME intake, and the calculation of NE requirements of animals based on their 

maintenance and growth: 
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𝑵𝑬𝒎 = 𝟎. 𝟎𝟕𝟕𝑾𝟎.𝟕𝟓 

𝑵𝑬𝒈(𝒔𝒕𝒆𝒆𝒓𝒔) = (𝟓𝟐. 𝟕𝟐𝒈 + 𝟔. 𝟖𝟒𝒈𝟐)P𝑾𝟎.𝟕𝟓Q 

𝑵𝑬𝒈	(𝒉𝒆𝒊𝒇𝒆𝒓𝒔) = (𝟓𝟔. 𝟎𝟑𝒈 + 𝟏𝟐. 𝟔𝟓𝒈𝟐)	(𝑾𝟎.𝟕𝟓) 

g = targeted daily gain in kg; W = bodyweight in kg 

After finding the above requirements, NEm value of feed is the “... [ME] intake per unit of 

Wkg
0.75 required to maintain the animal in energy equilibrium will have a NEm equal to the heat 

produced at no feed intake.” And NEg values are the energy deposited in bodyweight gain by the 

feedstuff in a "difference" trial, where the same feedstuff is fed at two different levels above 

NEm.  

IN VITRO FERMENTATION 

Origins and Development 

As eloquently stated by Hastings (1944), “The symbiotic relationships existing between 

members of the world of microbiology and those of the world of macrobiology are among the 

most interesting and possibly the most important in this complex field of biology,” and “the most 

important to man's economy of the symbiotic relationships between mammals and 

microorganisms are found in the ruminants.” This accurately captures the sentiment that, early in 

the 1900s, there was increasing interest in the rumen environment, both to better understand its 

inhabitants and to improve the economics of cattle feeding. However, the early discoveries of 

rumen microbiome were often met with confusion about the rumen being a “maceration reservoir 

par excellence,” or soaking vat, as was published in Schalk and Amadon (1928). Regardless, the 
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limitations of research conducted using in vivo techniques (Leuchs, 1860; Zuntz and von 

Mering, 1883) led to the development of in vitro methods. The development was driven by the 

advantages that in vitro methods offer (Johnson, 1966): 1) precise control of the environment and 

its substrates, 2) closer evaluation of the microbiome and its mechanisms, and 3) cheaper 

replication for increased statistical power.  

Understanding of rumen microbes increased rapidly with the adoption of in vitro methods, as 

documented in a review by Woodman (1927). The author discusses papers that brought early 

insights (Omelianski, 1904; Kellerman and McBeth, 1912) into cellulose "splitting" 

(fermentation) by bacteria and the subsequent production of short-chain fatty acids and gas. The 

author continues in his review to note many large leaps made in the understanding of rumen 

fermentation, including the discovery of the intermediary step of cellulose fermentation, 

degradation of cellobiose to dextrose (Pringsheim, 1912). The first two papers referenced in 

Woodman's (1927) review have proven elusive; therefore, this author has taken these citations at 

face value, given the reviewer’s credibility and their prevalence in other publications. 

Methodology 

In Vitro Medium 

The basis for much of the in vitro fermentation studies, as discussed below, relies upon the 

collection of uncontaminated rumen fluid or “liquor” (RF). Most frequently, the RF donor is a 

cannulated animal (Perry and Macleod, 1969) and is preferably fasted to prevent the effects of 

feedstuffs fermented prior to those added during the study (Yáñez-Ruiz et al., 2016). At this 

point, pure culture and batch culture methods diverge. Pure culture RF will be collected, strained, 

and sterilized in an autoclave to eliminate all microbes. Batch culture RF collection methods aim 
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to preserve microbial viability by preventing aeration of the sample during collection, which is 

achieved by minimizing the “headspace” in the sample container (Hungate, 1969). After 

collection, the sample must be processed quickly — this includes straining the sample through 

cheesecloth to remove feed particles (Menke and Steingass, 1988) and bubbling the sample with 

an O2-free gas (Bryant and Burkey, 1953) to maintain anaerobiosis.  

Pure Culture 

Although this review focuses primarily on the mixed-culture in vitro method, it is necessary first 

to review alternative methods for microbial study. This brief summary describes the value of 

mixed culture relative to other methods, given its inherent limitations. Prior to the use of mixed-

culture methods, bacteria and protozoa were studied by culturing and isolating anaerobes, then 

incubating them axenically in phosphate buffers (Woodman and Evans, 1938) and, in later 

studies, in boiled RF (Hungate, 1947; Bryant and Burkey, 1953). Isolation, being the first step of 

this method, ultimately limits the microbes that can be studied due to ‘unculturable’ bacteria that 

contributed to the “Great Plate Count Anomaly” — a phrase that was used to describe the 

difference between cells counted from samples and colonies grown on petri plates (Stewart, 

2012).  

The primary method used to isolate rumen anaerobic bacteria was the roll tube method, with the 

original process and later iterations summarized by Hungate (1969). Briefly, this method used a 

thin agar layer on the internal surface of a test tube, which was inoculated and rendered 

anaerobic by displacing oxygen with other gases (typically CO2 or N2). Newer methods for 

culturing ‘unculturable’ bacteria have been described by Vartoukian et al. (2010), including 

nutrient-poor media, diversity reduction methods, and extended incubation periods, which have 
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increased the number of slow-growing bacteria successfully cultured. An early paper by Bryant 

and Burkey (1953) described the basis of pure culture methods used today and was cited in over 

800 publications at the time of this writing. Briefly, serial dilutions of cultures were made using 

the aforementioned roll-tube technique until a well-isolated colony was formed in the most dilute 

tube. Then, 0.5 mL of basal media designed for either cellulose or starch digestion was 

inoculated with 48- to 72-hour cultures, mixed, and a single drop was used to inoculate tubes of 

media. This tube would then be used in studies as the pure culture to which interventions could 

be tested. 

The pure culture method was vital to early understanding of anaerobic substrate utilization and 

byproducts (Hungate et al., 1964) and remains useful today. The pure culture method continues 

to be used in studies such as Dai et al. (2020), which replicated the LPS (lipopolysaccharide) 

influx that can occur in ruminal acidosis environments to assess its impact on the function of 

pure bacterial cultures. In addition, studies on substrate utilization rates (Russell and Baldwin, 

1978), the production of intermediates (Richardson et al., 1989), and enzymatic activity (Joyner 

and Baldwin, 1966) are good candidates for this method. However, the most significant 

limitation of this method is its greatest advantage: microbial isolation. The interactions of 

microbial communities are severed, which allows calculations of the above values but results in 

both the accumulation of metabolic end-products that would otherwise have been removed 

(Monod et al., 1978) and the exhaustion of substances that would otherwise have been provided 

(Nichols et al., 2008). This microbial synergy is well documented by Twort and Ingram (1913), 

who reported that only when an “essential substance” was present could they isolate 

Mycobacterium avium subsp paratuberculosis, the causative agent of Johne's disease. It was later 
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discovered that this substance was an organic acid produced by the bacterium, Mycobacterium 

phlei. 

Batch Culture 

Batch culture was scrutinized early in its adoption by Hungate et al. (1964) due to inconsistent 

publication practices and the failure to report important details, such as RF volume, pH, and 

other characteristics. However, these concerns were quickly subverted by Tilley and Terry 

(1963), who provided the basis for a consistent batch culture methodology, which has 

accumulated over 6,100 citations at the time of this writing. Briefly, this method used strained 

RF and a buffer at a 1:4 volumetric ratio—the RF provided both the microbes and the “accessory 

factors,” i.e., the aforementioned substrates for fermentation. This publication also describes an 

altered rubber stopper that allows off-gassing of bottles (Figure 4, left) while maintaining an 

anaerobic environment, followed by a subsequent digestion step that replicates the abomasum 

with the addition of pepsin and HCl. The sealed bottles containing RF and buffer were 

supplemented with 0.5 g of feedstuff and incubated in a 38 °C circulating water bath for up to 48 

hours. The buffer used in this paper was previously described by McDougall (1948) for use as 

artificial saliva and has also been employed in many recent publications.  

The batch culture method was later adapted to perform neutral detergent fiber (NDF) analysis, 

based on the methods of Van Soest (1963), which was used after incubation, prior to abomasal 

simulation (Goering and Van Soest, 1970; Wurster et al., 1971). Although the batch culture 

method provides a more accurate representation of the rumen than pure culture, it still has similar 

limitations. The accumulation of fermentation products within a closed system will ultimately 

limit bacterial growth (James, 1961) and alter microbial composition as fermentation progresses 
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(Wei et al., 2022), especially when they contribute to a reduction in pH (Russell and 

Dombrowski, 1980). These methods are used regularly today to determine dry matter 

digestibility of feedstuffs (Holden, 1999; Tassone et al., 2020), often with reference to the 

ANKOM Daisy system (Ankom Technology Corporation, Fairport, NY, USA). Microbial energy 

requirements and yields have also been assessed using batch cultures, as was reviewed by 

Stouthamer and Bettenhaussen (1973). 

     

Figure 4. Left, adapted from Tilley and Terry (1963); Right, adapted from Goering and Van Soest (1970). 

Continuous Culture 

Continuous culture, as the name suggests, is the continuous renewal of culture medium used to 

maintain equilibrium, both in terms of substrates and products, for the microbes growing within. 

This method would be adapted from a design originally developed for aerobic microbes 

(Dawson, 1963) to a design more hospitable to anaerobic microbes (Hobson, 1965). This is 

designed to more closely replicate the rumen’s inherent removal of products and introduction of 

substrates than the batch culture method. This apparatus, as seen in figure 5 (upper), functions as 
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follows: CO2 (A) is added to the medium (B), forcing CO2 rich media into a flask (C) placed in a 

heated water bath, which is then pumped (D) into the incubation chamber (F) fitted with an 

inoculation port (G) that is also in a heated water bath. Another pump (H) is used to generate a 

stirring motion within the inoculation chamber and to take periodic samples. The chamber is kept 

anaerobic by continuous CO2 introduction (Q), which has been passed through heated copper (O) 

and cotton wool (N) filters. Excess gas pressure and fluid escape from the incubation chamber 

into a separate flask (I) that is refrigerated, with gases subsequently passing through a Bunsen 

valve (J) and liquid passing to a final flask (L) with a water pump to remove additional 

overflow.  

The microbiome observed in a continuous culture system was compared with the in vivo 

microbiome of the same steer, as reported by Slyter and Putnam (1967), who reported no 

difference in the proportions of cellulolytic, amylolytic, and acetogenic bacteria at 7 or 14 days 

of fermentation between the two sources. There was, however, a decrease in the proportion of in 

vitro protozoa in this study, which is a common hallmark of continuous culture methods (Hristov 

et al., 2012). Other researchers, attempting to optimize dilution rate, reported that protozoa 

concentrations were better maintained when lower volume turnover (0.5x/day) was used, but that 

holotrich numbers could not be maintained, and bacterial metabolism appeared to differ from 

that of the rumen (Abe and Kumeno, 1973). 

Later iterations of the continuous culture system would add the removal of solids, and later 

categorized as “single-flow” and “dual-flow” systems, which differed primarily by the outflow 

of effluent — single flow systems have a uniform outflow of liquid and solids, whereas dual 

flow systems allow for separate rates. A common version of the single-flow system used today, 

the Rusitec system (figure 5, bottom left), was described by Czerkawski and Breckenridge 



 19 

(1977), with particular emphasis on improving protozoa retention and bacterial metabolism to 

better resemble the rumen. This method used mesh bags (N) containing feed, held within 

perforated containers (C) affixed to a driving shaft (S) to mix inoculated medium (L). This 

method yielded greater control over fermentation than loose feed mixed into the medium and 

then agitated, as used in earlier papers. Additionally, this method introduced rumen contents into 

the mesh bag of feed, making reference to their earlier publication (Czerkawski and 

Breckenridge, 1969), which also incorporated rumen solids, but was notably lacking in the 

reasoning for doing so — the current author would infer this was in an effort to incorporate 

particle-associated microbes. Finally, the effluent would flow upward through the outlet (O) at 

the top of the inoculation chamber into a secondary vessel (E) containing mercuric chloride 

solution to preserve rumen fluid, where the gas would rise and be collected in a bag (M).  

The introduction of dual-flow systems would soon follow that of single-flow, with a publication 

by Hoover et al. (1976) describing the apparatus (Figure 5, bottom right) with alterations made to 

improve protozoa numbers. There is much that is similar with this and prior iterations, however, 

this method allows for input of feed into the chamber (L) and, in addition to the overflow port (I) 

for solid and liquid collections (J), has an additional filtered port (F) with a peristaltic pump (G) 

for liquid only collection (H). These changes allow for turnover more similar to that of the rumen 

(1.5 x/day; Hungate, 1966) but without the impacts on protozoal numbers that were previously 

discussed (Abe and Kumeno, 1973). However, more recent papers have found that there is still a 

reduction in protozoa (Hristov et al., 2012) and in microbial diversity (Salfer et al., 2018) in 

these continuous-culture fermenters compared with the rumen.  

Continuous culture methods continue to be developed; for example, Wenner et al. (2021) found 

that reversing impeller orientation from what has been historically used in dual-flow systems 
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(counter-clockwise to clockwise) appears to more reliably move particles out of the fermentation 

chamber and more consistently determine NDF digestibility. Regardless of design specifics, 

continuous culture systems are broadly used today to: (1) assess feed additives, like exogenous 

enzymes, for improving ruminal fermentation (Wang et al., 2001), (2) measure the impact of 

products, like herbicides, on fermentation and bacterial community (Riede et al., 2016), (3) 

determine the rumen microbiome changes during feedstuff adaptations (Lengowski et al., 2016), 

and (4) observe microbiome shifts with to pathogenic challenges (Wetzels et al., 2018).  

 

      

Figure 5. Upper, adapted from Hobson (1965); Bottom Left, adapted from Czerkawski and Breckenridge (1977); 

Bottom Right, adapted from Hoover et al. (1976) 
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IONOPHORES 

Mode of Action 

Ionophores (Greek for 'ion carrier') were first reported by Agtarap et al. (1967), describing the 

biologically active polyether compound isolated from Streptomyces cinnamonensis. This 

polyether compound was found to reduce the risk of coccidiosis (coccidiostat), a common 

protozoal infection of the digestive tract of poultry (Westley, 1977) and calves (Stromberg et al., 

1986). The infection is most frequently caused by Eimeria spp. bovis and zuernii (Dubey, 2019). 

The ability of ionophores to reduce ruminal growth of these species (McDougald, 1978) and 

subsequent fecal shedding (Foreyt et al., 1986) has been well-documented. Although this is the 

primary indication for ionophore use, they also exhibit bacteriostatic activity against Gram-

positive bacteria (Gp), as they lack the LPS layer that surrounds and protects the cell wall of 

Gram-negative bacteria (Gn; Watanabe et al., 1981). Ionophores induce an imbalance of Na+/K+ 

ions and protons within the cell by forming unregulated ion channels across the cell wall, leading 

to altered cellular pH, and necessitating the use of ATPase to reduce proton concentration 

(Figure 9; Russell, 1987). In short, the excess energy used by ATPase impairs the ability of Gp 

bacteria to grow or colonize, producing the bacteriostatic effects of ionophores, and subsequently 

increasing the proportion of Gn bacteria (Marques and Cooke, 2021).  
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Figure 9. Adapted from Russell (1987). 

Benefits of Use 

This shift in the rumen microbiome accounts for the observed changes in animal performance 

reported in the literature, which will be reviewed shortly. However, this observed effect is the 

combination of, what was summarized by Schelling (1984) as seven modes of action, including 

modifications of: 1) acid production, 2) feed intake, 3) gas production, 4) digestibility, 5) protein 

utilization, 6) passage rate, and 7) other observed benefits that have been reported in research but 

do not fit neatly into the aforementioned categories. These modes of action were later simplified 

into four "primary buckets," namely 1) inhibition of H2 producers leading to better propionate to 

acetate ratios, 2) inhibition of NH3 producers leading to greater protein availability, 3) inhibition 

of lactate producers leading to more neutral ruminal pH, and 4) decreased feed intake leading to 

increased apparent digestion of feedstuffs (Figure 10; Russell and Strobel, 1989). Because of 

these effects, the FDA approves the use of multiple ionophores as growth promotants in cattle, 

including Rumensin, lasalocid, laidlomycin, and Salinomycin (Novilla, 2018).  
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Figure 10. Adapted from Russell and Strobel (1989). 

Animal Performance 

Increasing the proportion of Gn bacteria in the rumen generally increases propionate production 

and decreases acetate production (Richardson et al., 1976). This shift in VFA production is 

energetically advantageous, as propionate production increases fermentation efficiency by 

recovering hydrogen that would otherwise be lost to methanogenesis (Pereira et al., 2022). 

Propionate is also more energetically beneficial to ruminants—acetate and butyrate provide 62% 

and 78% of the energy released initially from glucose during fermentation, compared to 109% in 

propionate (“Rumenology,” 2016). Increased proportions of Gn bacteria are associated with 

increased nitrogen retention by reducing ammonia production, making more protein available to 

the host animal (Yang and Russell, 1993). This is due to Rumensin affecting several Gp, 

ammonia-producing bacteria, as summarized by Nagaraja (1995). Metagenomics and 

metabolomics analysis by Ogunade et al. (2018) confirmed the alterations in amino acid 

metabolism and propionate synthesis that occur in response to Rumensin supplementation. 

In addition to significant research on ionophores for high-concentration diets (Owens, 2021), 

there is a growing body of research on the potential to enhance the digestibility of high-forage 
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diets, with a review by Huntington (1997) concluding, “Ionophores have neutral or positive 

effects on ruminal digestion of dietary fiber and ruminal escape of dietary protein in ruminants 

consuming high- or all-forage diets.” In a systematic review, Bretschneider et al. (2008) reported 

a consistent, dose-dependent increase in average daily gain and feed conversion rates in beef 

cattle consuming forage-based diets when supplemented with ionophores. A recent meta-analysis 

by Gadberry et al. (2022) reported a 14% increase in feed efficiency in heifers consuming 

processed forage, with or without concentrates, when supplemented with Rumensin. 

However, numerous authors have reported that ionophores had no effect or inconsistent effects 

on animal productivity. McCartor et al. (1979) reported an increase in the molar proportion of 

propionate but no significant differences in ADG or F:G for heifers consuming an 80% roughage 

diet supplemented with 200 mg/d Rumensin. Ward et al. (1990) observed increased apparent 

digestibility when supplementing grazing cannulated steers with 101 mg/d of Rumensin but 

observed no effect on DM intake or VFA production. Bell et al. (2017) reported no change in 

OM intake, OM digestion, or NDF digestibility when grazing Bos Taurus and Bos Indicus steers 

were supplemented with 200 mg of Rumensin, even though Rumensin increased molar 

proportions of propionate. Some of this variability could be explained by pasture/roughage 

quality, as the response to Rumensin may be a function of genetic potential relative to the 

nutrition provided without supplementation, as discussed by Bretschneider et al. (2008). 

Interestingly, some authors have reported no significant change in Gp and Gn bacterial 

populations in response to 150 mg/d of Rumensin (Melchior et al., 2018). 

In a review of performance data from nearly sixteen thousand feedlot cattle, Goodrich et al. 

(1984) reported that Rumensin response appears to be related to ME intake, with greater intakes 

leading to greater Rumensin responses (y = -0.16 + 0.0078x; Figure 11). This could suggest that 
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under-supplementation results in more variable responses. Additionally, Duffield et al. (2012) 

reported that the mean intake of Rumensin in feedlots increased from 26 mg/kg feed in the 1970s 

to 32.3 mg/kg in the 2000s, but the corresponding improvements in feed efficiency went from 

8.1% to 3.5%. The authors speculate that this reduction in response is due to improvements in 

cattle management. If this is true for cattle fed high-concentrate rations, it could also be true for 

cattle consuming high-roughage diets, where better management reduces Rumensin efficacy. 

 

Figure 11. Adapted from Goodrich et al. (1984). 

Methanogenesis 

Rumensin reduces methane emissions by shifting hydrogen utilization away from 

methanogenesis toward propionate production and by reducing the number of protozoa, which 

would otherwise provide hydrogen to methanogens (Ellis et al., 2008). Through these alterations, 

Rumensin reduces enteric methane emissions from cattle, albeit to varying degrees depending on 

inclusion level, diet, and duration of supplementation (Cooke et al., 2024). Odongo et al. (2007) 

reported a 7% reduction in methane g/d over the course of a 6-month experiment in cows 



 26 

supplemented with 24 mg/kg DM. Correlations have been drawn between cattle with lower 

methane production and greater energetic efficiency for growth (Nkrumah et al., 2006), likely 

due to greater energy retention, with methane losses accounting for up to 12% of gross energy 

intake (Johnson and Johnson, 1995). Additionally, Johnson and Johnson (1995) reported that 

cattle consuming low-roughage diets (< 10%) lost 2-3% of gross energy to methane, a 

comparatively small loss, potentially indicating greater energy-sparing effects if Rumensin were 

supplemented to animals consuming high-roughage diets. However, the relationship of the two 

variables is not clear; other authors have observed no correlation between methane production 

and energetic efficiency (Renand et al., 2019). 

However, Guan et al. (2006) found only temporary reductions in methane, with values returning 

to control levels after 2 and 4 weeks of 33 mg/kg DM Rumensin supplementation in cattle 

consuming high- and low-concentrate diets, respectively. And Grainger et al. (2010) reported no 

effect on methane production when grazing dairy cows were supplemented with 471 mg/d 

Rumensin. Some authors have reported no significant change in rumen methanogen 

concentration in response to 24 mg/kg DM (Hook et al., 2009). However, others have reported 

3.9- and 7.5-fold reductions in methanogen concentration when cows were supplemented with 

175 and 368 mg/d of Rumensin, respectively (McGarvey et al., 2019). Pereira et al. (2022) 

discussed that microbial differences between low- and high-methane-emitting cattle are not 

limited to methanogen populations, as other microbes provide the products required for 

methanogenesis. This could partially explain the variability of microbiome and methanogenesis 

changes in response to Rumensin and subsequent variability in animal productivity.  
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Digestive Diseases 

Finally, Rumensin can reduce the risk of ruminal acidosis in cattle fed high-concentrate rations 

by inhibiting the growth of Streptococcus bovis and Lactobacillus spp., two major lactate-

producing bacteria (LAB) (Russell, 1987). While also increasing the proportion of lactate-

utilizing bacteria (LUB), such as Selenomonads and Megasphera spp. (Nagaraja et al., 1981). It 

is well documented that acidosis decreases animal performance through reductions in feed intake 

and nutrient absorption (Owens et al., 1998). However, the risk of acidosis is low in cattle 

consuming predominantly roughages. Additionally, LAB make up a smaller portion of the 

microbiome, with only 2-5% of VFAs being formed from lactate (Mackie et al., 1984). 

Combined, these factors could limit Rumensin’s impact on the rumen microbiome, its 

metabolites, and subsequent changes in animal productivity. This could further elucidate why 

ionophores have variable efficacy in grazing cattle. 

Regulations and Risks 

Consumer preference for meat products from animals raised without antibiotics has been well 

documented, although it partly stems from limited consumer knowledge of antibiotic stewardship 

practices (Zhou et al., 2025). In the early 2000s, the Council of the European Union (2003) 

introduced significant regulation of antibiotic additives, including the withdrawal of 

authorization for the use of Rumensin. These regulations were partially revised in 2006 to permit 

use for the prevention of coccidiosis in poultry and in 2013 to permit use for the prevention of 

ketosis in transitioning dairy cows (Carresi et al., 2024). The United States has adopted a more 

conservative approach to antimicrobial regulation, forgoing restrictions in favor of monitoring 

antimicrobial resistance, despite concerns among medical professionals (Wallinga et al., 2022). 
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With international regulations and domestic consumer interest in antibiotic-free meat production, 

producers’ interest in alternatives that offer similar benefits for feed efficiency and animal 

performance is increasing (Callaway et al., 2021).  

Additionally, the use of Rumensin is not without risk to animals. Rumensin toxicity impacts 

many tissues when consumed at a dose greater than the recommended maximum of 0.42 mg per 

pound of body weight and 480 mg per head per day (Potter et al., 1984). As a sodium-selective 

ionophore, Rumensin redistributes sodium and calcium ions within host cells, which can induce 

cellular damage, including in myocytes (Van Vleet et al., 1983). The clinical signs of Rumensin 

toxicity are similar to those of right-side heart failure (Geor and Robinson, 1985; Ensley, 2020). 

Fatal Rumensin poisonings in cattle have been well documented after accidental feedings of 

Rumensin-rich rations (Janzen et al., 1981; Kouyoumdjian et al., 2001; Brito et al., 2020). Some 

inconsistencies with Rumensin toxicity do exist, where Janzen et al. (1981) saw significant heart 

remodeling in response to toxic intake levels. Alternatively, Geor and Robinson (1985) 

determined the likely cause of death to be lung damage and saw no heart remodeling. 

DIRECT FED MICROBIALS 

Development of Probiotics and Direct-Fed Microbials 

Interest in the digestive tract microbiome dates back over a century, with early researchers such 

as Louis Pasteur and Elie Metchnikoff investigating the intestinal microbiome in pursuit of 

prolonging human life. As an aside, and to lend greater credence to the following citation, 

Metchnikoff would be awarded the Nobel Prize for his discovery of phagocytosis in 1908. In the 

same year as this award, he would publish “The Prolongation of Life” (Metchnikoff, 1908). This 

book integrates scientific developments of the time and his philosophical views on extending 
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human life. A significant portion of the book discusses the large intestine microbiome and its 

potential effects on health. The author was nearly a century ahead of most probiotic publications 

(Figure 6), offering insights that remain valid today regarding consuming cultured dairy products 

containing Lactobacillus (i.e., yogurt), eating a balanced diet, and engaging in daily activity. 

This publication was motivated by an inquiry into the loss of his mental faculties and a theory 

that Western diets were the root cause of much disease (Mackowiak, 2013). The bacterial 

cultures used to alter the microbiome were termed “probiotic,” initially with reference to 

microbial symbiosis (Lilly and Stillwell, 1965), then to microbial balance (Parker, 1974), and 

finally to host benefit (Fuller, 1989). The continuation of probiotic research, however, would be 

minimal until a resurgence of interest starting in the 2000s, as discussed by McFarland (2015; 

Figure 6).  

 

Figure 6. Adapted from McFarland (2015). 
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Collins and Carter (1978) demonstrated the intestinal microbiome’s role in preventing pathogen 

colonization by inoculating control and germ-free guinea pigs with Salmonella enteritidis. 

Guinea pigs without intestinal microbiomes died from inoculation of 10 cells of Salmonella 

enteritidis, compared to the control group, which survived inoculations up to 109. This protective 

effect is referred to as competitive inhibition or exclusion (Lloyd et al., 1977) — a commonly 

cited benefit of probiotics — resulting from the production of antibacterial substances, up- and 

down-regulation of enzymes, and competition for adhesion sites of the intestinal wall (Fuller, 

1989). Probiotics have been widely used in monogastric livestock production, namely swine 

(Zimmermann et al., 2016) and poultry (Naeem and Bourassa, 2025), as growth promotants. The 

impact of these probiotics is varied, as their effect is inherently limited to the level of insult that 

pathogenic microbes present in the digestive tract — the very same limitation of antibiotic 

growth promoters (AGPs; Fuller, 1989). The use and effects of AGPs, with an emphasis on 

Rumensin, as discussed in the prior section of this review.  

In ruminant species, where fermentation accounts for a greater proportion of their energy intake, 

probiotic research has focused on feed utilization, food safety, and environmental impacts. At 

this juncture, it would be best for this author to be somewhat pedantic, as probiotics and direct-

fed microbials (DFM) are often used synonymously when concerning livestock. However, a 

DFM is a type of probiotic that consists solely of naturally occurring microorganisms (Elam et 

al., 2003), in contrast to other probiotics, such as microbial extracts and enzymes. This literature 

review is primarily concerned with the effects of DFM products and, as such, the following 

discussion will be constrained to this subcategory of probiotics. 

The early use of DFM products in ruminants began in the late 1970s, with a special interest in 

preruminant calves, aimed at maintaining intestinal microbial balance to reduce the incidence of 
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viral diarrhea and to increase the rate of rumen development (Kmet et al., 1993). There was 

limited research examining the effects of DFM products on the rumen microbiome prior to the 

1990s (Martin and Nisbet, 1992; Nagaraja et al., 1997). However, interest in the products would 

grow significantly, driven by a dichotomy between producers’ interest in improved animal 

performance and societal concerns about antibiotic use (Krehbiel et al., 2003). Currently, 

microbes utilized as DFM products fall into one of four categories: lactate-utilizing bacteria 

(LUB), lactate-producing bacteria (LAB), “other” bacteria, and fungal additives. Although LUB 

and LAB are regularly supplemented together, they will be briefly overviewed separately, with 

the results discussed in combination afterward.  

Application of Direct-Fed Microbials 

This review focuses on DFM research related to animal performance, specifically on increases in 

digestibility and feed efficiency, reductions in pathogenic load, and reductions in the risk of 

acidosis. However, it is important to note that this is not the only use case for DFM supplements, 

as developments are also occurring in food safety (Dewsbury et al., 2020; Tilton et al., 2024), 

animal health (Guimaraes et al., 2024), and environmental sustainability (Doyle et al., 2019). 

Lactate-Utilizing Bacteria 

With a name that describes their role in the rumen microbiome, LUB ferments lactic acid into 

volatile fatty acids (VFA). Megasphaera elsdenii is the major lactate fermenter in the rumen, 

likely due to its ability to tolerate low pH environments (Huber et al., 1976; Counotte et al., 

1981; Nagaraja and Titgemeyer, 2007). These microbes are supplemented to reduce the risk of 

acidosis in ruminant species. For example, when M. elsdenii was supplemented at either 8.7 × 

105 cfu/mL or 8.7 × 106 cfu/mL, lactate accumulation in a batch culture system was reduced 
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(Kung and Hession, 1995; Figure 7, left). Additionally, more recent research reported that an oral 

drench of 2 × 108 cfu/mL M. elsdenii reduced duration and intensity of subacute ruminal acidosis 

in dairy cattle (Mazon et al., 2020; Figure 7, right). Another LUB, Propionibacterium 

freudenreichii, has been widely utilized in DFM products and research (Ghorbani et al., 2002; 

Luedtke et al., 2016; Swanson et al., 2018), often in combination with Lactobacillus acidophilus 

(Stanford et al., 2014; Monteiro et al., 2022), an example of LAB working synergistically with 

LUB.  

      

Figure 7. Left, adapted from Kung and Hession (1995); right, adapted from Mazon et al. (2020 [gray = M. elsdenii; 

white = control]) 
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Lactate-Producing Bacteria 

Lactate-producing bacteria (LAB) ferment VFA to lactate, allowing synergy between LAB and 

LUB. Lactobacillus acidophilus is the most commonly utilized LAB in DFM products, likely in 

part due to its successful use in silage inoculants (Oliveira et al., 2017) and in part due to its 

extensive history in ruminant research (Ellinger et al., 1980). Studies of L. acidophilus 

supplementation in pre-ruminant calves have yielded mixed results, with Cruywagen et al. 

(1996) reporting intermittent improvements of average daily gain but no effect on total BW gain. 

When LAB are supplemented to adult cattle in combination with LUB, lactate production 

increases lactate to propionate fermentation by LUB (Wilson and Krehbiel, 2012) and mitigates 

the risk of acute acidotic events through LAB supporting LUB colonization and general 

adaptation of the rumen environment to lactate (Ban and Guan, 2021). Lactiplantibacillus 

plantarum (formerly Lactobacillus plantarum), a common aerotolerant silage inoculant with 

recent DFM-specific publications, has shown variable effects on the rumen metabolome, with in 

vitro fermentation demonstrating reductions in organic matter digestibility and NH3 production 

(Monteiro et al., 2020; Monteiro et al., 2022). Alternatively, Astuti et al. (2022) describe 

increases in propionate production and reductions in acetate production when L. plantarum was 

supplemented in vivo. Enterococcus faecium, another commonly supplemented LAB, increased 

the rate of subclinical ruminal acidosis and decreased rumen pH nadir when supplemented alone 

but demonstrated predominantly beneficial effects when supplemented with Saccharomyces 

cerevisiae (Beauchemin et al., 2003C), a fungal additive further discussed below. Authors have 

described these inconsistent results in the LAB literature (Ellis et al., 2016), suggesting that 

differences in microbial substrate preferences, fermentation conditions, and feed type may be 

responsible. 
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"Other" Bacteria 

Although broad in definition, this category includes bacteria that alter rumen fermentation 

characteristics beyond lactic acid concentrations, for example, by producing volatile fatty acids 

(VFA) or improving carbohydrate fermentation (Ban and Guan, 2021). Bacillus, a notable genus 

within this category, increased DM and NDF disappearance when cows were fed a high-forage 

diet (Limede et al., 2025). The difference in digestibility is likely due to proteolytic and fibrolytic 

enzymes produced by Bacillus species (Schallmey et al., 2004). DFM supplementation of a 

combination of Bacillus, Lactobacillus, and Propionibacterium species to beef cattle consuming 

high-concentrate diets increased ADF digestibility (Silva et al., 2024). These data suggest that, 

through increased DM digestibility and fermentable energy, DFM-supplemented cattle could 

also exhibit greater protein synthesis and nitrogen retention (Silva et al., 2019). Alternatively, 

cattle supplemented with Bacillus, in combination with Rumensin, had N retention similar to that 

of Rumensin-only supplemented animals; however, the study allows for only limited 

comparison, as no negative control was included (Zornitta et al., 2024). Finally, Eyre et al. 

(2025) observed no difference between the N retention of Bacillus-supplemented and negative 

control treatment groups.  

Fungal Additives 

Most research in the fungal additive field has focused on Saccharomyces cerevisiae, also known 

as brewer’s yeast, beginning with its use as a protein and B-complex supplement (Prouty, 1947). 

Interest in fungal supplements as DFMs has increased due to the ability to stimulate feed intake 

by enhancing fiber degradation and increasing cellulolytic bacteria (Kmet et al., 1993). Early 

research assessing S. cerevisiae as a DFM by LeGendre et al. (1957) found a depression in ration 
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digestibility and no other significant effects. When directly compared to Rumensin and sodium 

bicarbonate supplementation, live yeast did not affect digestability in sheep or cattle, whereas 

Rumensin increased crude protein and dry matter digestibility (Adams et al., 1981). However, 

recent studies have reported increases in dry matter digestibility (Ovinge et al., 2018) and/or 

average daily gain (Smith et al., 2020) when supplementing beef cattle with live yeast. 

Inconsistent results in early reports could have been due to differences in yeast strain, type 

(dried, live, or cooked), dosage, and diet, as described by Wallace and Newbold (1992; Figure 8, 

left), which may also explain variable ionophore responses. Aspergillus oryzae is another 

commonly supplemented fungal DFM, often in a fermented extract form, that has been shown to 

increase fiber degradation (Beharka and Nagaraja, 1993; Figure 8, right) and feed efficiency 

(Zerby et al., 2011), although efficacy was diet-dependent. S. cerevisiae and A. oryzae combined 

increased dry matter digestibility to a greater extent than alone (Wiedmeier et al., 1987).  

 

Figure 8. Left, adapted from Wallace and Newbold (1992); Right, adapted from Beharka and Nagaraja (1993). 
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CONCLUSIONS 

The current literature review makes evident an absence of recent developments for total 

collection methodologies, particularly relating to the use of larger animals and animal comfort. 

Additionally, there is a gap in our understanding of the possible synergistic effects of ionophores 

and DFMs on digestibility and nutrient utilization within beef cattle production. Therefore, 

experiments were conducted to evaluate these effects using total collection trials (Experiments 1 

and 2) and in vitro fermentation (Experiments 3 and 4).  

 

 

 

 

 

 

 

 

 

 

 



 37 

REFERENCES 

Agtarap, Amelia., J. W. Chamberlin, M. Pinkerton, and L. K. Steinrauf. 1967. Structure of 
monensic acid, a new biologically active compound. J. Am. Chem. Soc. 89:5737–5739. 
doi:10.1021/ja00998a062. 

Adams, D. C., M. L. Galyean, H. E. Kiesling, J. D. Wallace, and M. D. Finkner. 1981. Influence 
of Viable Yeast Culture, Sodium Bicarbonate and Rumensin on Liquid Dilution Rate, Rumen 
Fermentation and Feedlot Performance of Growing Steers and Digestibility in Lambs. Journal of 
Animal Science. 53:780–789. doi:10.2527/jas1981.533780x. 

Armsby, H. P. 1885. Do Animals Excrete Free Nitrogen? Science. ns-5:172–174. 
doi:10.1126/science.ns-5.108.172. 

Armsby, H. P. 1907. A Suggestion for a New Unit of Energy. Science. 26:670–672. 
doi:10.1126/science.26.672.670.b. 

Armsby, H. P. 1916. The use of energy values in the computation of rations for farm animals. 
U.S. Dept. of Agriculture, Washington, D.C. Available from: 
http://www.biodiversitylibrary.org/bibliography/108882 

Armsby, H. P., and J. A. Fries. 1913. THE INFLUENCE OF STANDING OR LYING UPON 
THE METABOLISM OF CATTLE. American Journal of Physiology-Legacy Content. 31:245–
253. doi:10.1152/ajplegacy.1913.31.4.245. 

Armsby, H. P., and J. A. Fries. 1919. Net energy values and starch values. The Journal of 
Agricultural Science. 9:182–187. doi:10.1017/S0021859600004779. 

Armsby, H. Prentiss. 1913. A COMPARISON OF THE OBSERVED AND COMPUTED HEAT 
PRODUCTION OF CATTLE. J. Am. Chem. Soc. 35:1794–1800. doi:10.1021/ja02200a017. 

Aschbacher, P. W. 1970. An Adjustable Metabolism Stall for Cattle. Journal of Animal Science. 
31:741–744. doi:10.2527/jas1970.314741x. 

Astuti, W. D., R. Ridwan, R. Fidriyanto, R. Rohmatussolihat, N. F. Sari, K. A. Sarwono, A. Fitri, 
and Y. Widyastuti. 2022. Changes in rumen fermentation and bacterial profiles after 
administering Lactiplantibacillus plantarum as a probiotic. Vet World. 15:1969–1974. 
doi:10.14202/vetworld.2022.1969-1974. 

Atwater, W. O. 1905. A Respiration calorimeter with appliances for the direct determination of 
oxygen. 

http://www.biodiversitylibrary.org/bibliography/108882


 38 

Ban, Y., and L. L. Guan. 2021. Implication and challenges of direct-fed microbial 
supplementation to improve ruminant production and health. Journal of Animal Science and 
Biotechnology. 12:109. doi:10/gm69r6. 

Beauchemin, K. A., W. Z. Yang, D. P. Morgavi, G. R. Ghorbani, W. Kautz, and J. A. Z. Leedle. 
2003. Effects of bacterial direct-fed microbials and yeast on site and extent of digestion, blood 
chemistry, and subclinical ruminal acidosis in feedlot cattle. Journal of Animal Science. 
81:1628–1640. doi:10.2527/2003.8161628x. 

Beharka, A. A., and T. G. Nagaraja. 1993. Effect of Aspergillus oryzae Fermentation Extract 
(Amaferm®) on In Vitro Fiber Degradation1. Journal of Dairy Science. 76:812–818. 
doi:10.3168/jds.S0022-0302(93)77405-6. 

Bretschneider, G., J. C. Elizalde, and F. A. Pérez. 2008. The effect of feeding antibiotic growth 
promoters on the performance of beef cattle consuming forage-based diets: A review. Livestock 
Science. 114:135–149. doi:10.1016/j.livsci.2007.12.017. 

Briggs, H. M., and W. D. Gallup. 1949. Metabolism Stalls for Wethers and Steers. Journal of 
Animal Science. 8:479–482. doi:10.2527/jas1949.84479x. 

Brito, E. S. A., T. G. Andrade, C. H. S. de Oliveira, and V. M. B. D. de Moura. 2020. Outbreak of 
Rumensin poisoning in cattle due to supplementation error. Cienc. Rural. 50:e20190996. 
doi:10.1590/0103-8478cr20190996. 

Bryant, M. P., and L. A. Burkey. 1953. Cultural Methods and Some Characteristics of Some of 
the More Numerous Groups of Bacteria in the Bovine Rumen. Journal of Dairy Science. 36:205–
217. doi:10.3168/jds.s0022-0302(53)91482-9. 

Callaway, T. R., H. Lillehoj, R. Chuanchuen, and C. G. Gay. 2021. Alternatives to Antibiotics: A 
Symposium on the Challenges and Solutions for Animal Health and Production. Antibiotics. 
10:471. doi:10.3390/antibiotics10050471. 

Carresi, C., R. Marabelli, P. Roncada, and D. Britti. 2024. Is the Use of Rumensin Another 
Trojan Horse for the Spread of Antimicrobial Resistance? Antibiotics. 13:129. 
doi:10.3390/antibiotics13020129. 

Carpenter, K. J. 2003. A Short History of Nutritional Science: Part 1 (1785–1885). The Journal of 
Nutrition. 133:638–645. doi:10.1093/jn/133.3.638. 

Cochran, R. C., and M. L. Galyean. 1994. Measurement of in vivo Forage Digestion by 
Ruminants. In: Forage Quality, Evaluation, and Utilization. John Wiley & Sons, Ltd. p. 613–643. 
Available from: https://onlinelibrary.wiley.com/doi/abs/10.2134/1994.foragequality.c15 

https://onlinelibrary.wiley.com/doi/abs/10.2134/1994.foragequality.c15


 39 

Collins, F. M., and P. B. Carter. 1978. Growth of salmonellae in orally infected germfree mice. 
Infect Immun. 21:41–47. doi:10.1128/iai.21.1.41-47.1978. 

Cooke, R. F., L. R. Eloy, S. C. Bosco, P. V. F. Lasmar, J. M. C. de Simas, T. Leiva, and S. R. de 
Medeiros. 2024. An updated meta-analysis of the anti-methanogenic effects of Rumensin in beef 
cattle. Transl Anim Sci. 8:txae032. doi:10.1093/tas/txae032. 

Counotte, G. H. M., R. A. Prins, R. H. A. M. Janssen, and M. J. A. deBie. 1981. Role of 
Megasphaera elsdenii in the Fermentation of dl-[2-13C]lactate in the Rumen of Dairy Cattle. 
Applied and Environmental Microbiology. 42:649–655. doi:10.1128/aem.42.4.649-655.1981. 

Council of the European Union. 2003. Regulation 1831/2003/EC on Additives for Use in Animal 
Nutrition. Official Journal of the European Union. 268:29–43. 

Cruywagen, C. W., I. Jordaan, and L. Venter. 1996. Effect of Lactobacillus acidophilus 
Supplementation of Milk Replacer on Preweaning Performance of Calves. Journal of Dairy 
Science. 79:483–486. doi:10.3168/jds.S0022-0302(96)76389-0. 

Cunningham, H. M., G. L. Frederick, and G. J. Brisson. 1955. Application of an Inflatable 
Urethral Catheter for Urine Collection from Cows1. Journal of Dairy Science. 38:997–999. 
doi:10.3168/jds.S0022-0302(55)95068-2. 

Czerkawski, J. W., and G. Breckenridge. 1969. The fermentation of sugar-beet pulp and sucrose 
in an artificial rumen, and the effect of linseed oil fatty acids on the fermentation. British Journal 
of Nutrition. 23:51–67. doi:10.1079/BJN19690009. 

Czerkawski, J. W., and G. Breckenridge. 1977. Design and development of a long-term rumen 
simulation technique (Rusitec). British Journal of Nutrition. 38:371–384. 
doi:10.1079/bjn19770102. 

Dai, X., T. J. Hackmann, R. R. Lobo, and A. P. Faciola. 2020. Lipopolysaccharide Stimulates the 
Growth of Bacteria That Contribute to Ruminal Acidosis. Appl Environ Microbiol. 86:e02193-
19. doi:10.1128/AEM.02193-19. 

Dawson, P. S. S. 1963. A continuous-flow culture apparatus: the cyclone column unit. Can. J. 
Microbiol. 9:671–687. doi:10.1139/m63-089. 

Deliberto, T. J., and P. J. Urness. 1995. Technical Note: A total urine collection apparatus for 
female bison and cattle. 48. doi:10.2307/4002511. Available from: 
https://repository.arizona.edu/handle/10150/644479 

Dewsbury, D. M. A., N. Cernicchiaro, B. E. Depenbusch, T. G. Nagaraja, and D. G. Renter. 
2020. Effectiveness of a Direct-Fed Microbial Product Containing Lactobacillus acidophilus and 

https://repository.arizona.edu/handle/10150/644479


 40 

Lactobacillus casei in Reducing Fecal Shedding of Escherichia coli O157:H7 in Commercial 
Feedlot Cattle. Foodborne Pathogens and Disease. 18:16–23. doi:10.1089/fpd.2020.2828. 

Doyle, N., P. Mbandlwa, W. J. Kelly, G. Attwood, Y. Li, R. P. Ross, C. Stanton, and S. Leahy. 
2019. Use of Lactic Acid Bacteria to Reduce Methane Production in Ruminants, a Critical 
Review. Front. Microbiol. 10. doi:10.3389/fmicb.2019.02207. Available from: 
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2019.02207/full 

Dubey, J. P., ed. 2019. Coccidiosis in Livestock, Poultry, Companion Animals, and Humans. 
CRC Press, Boca Raton. 

Duffield, T. F., J. K. Merrill, and R. N. Bagg. 2012. Meta-analysis of the effects of Rumensin in 
beef cattle on feed efficiency, body weight gain, and dry matter intake1. Journal of Animal 
Science. 90:4583–4592. doi:10.2527/jas.2011-5018. 

Dumas, J. B. 1831. Procedes de l’analyse Organic. Ann. Chim. Phys. 247:198–213. 

Elam, N. A., J. F. Gleghorn, J. D. Rivera, M. L. Galyean, P. J. Defoor, M. M. Brashears, and S. 
M. Younts-Dahl. 2003. Effects of live cultures of Lactobacillus acidophilus (strains NP45 and 
NP51) and Propionibacterium freudenreichii on performance, carcass, and intestinal 
characteristics, and Escherichia coli strain O157 shedding of finishing beef steers. Journal of 
Animal Science. 81. doi:10.2527/2003.81112686x. 

Ellinger, D. K., L. D. Muller, and P. J. Glantz. 1980. Influence of Feeding Fermented Colostrum 
and Lactobacillus acidophilus on Fecal Flora of Dairy Calves. Journal of Dairy Science. 63:478–
482. doi:10.3168/jds.S0022-0302(80)82957-2. 

Ellis, J. L., A. Bannink, I. K. Hindrichsen, R. D. Kinley, W. F. Pellikaan, N. Milora, and J. 
Dijkstra. 2016. The effect of lactic acid bacteria included as a probiotic or silage inoculant on in 
vitro rumen digestibility, total gas and methane production. Animal Feed Science and 
Technology. 211:61–74. doi:10.1016/j.anifeedsci.2015.10.016. 

Ellis, J. L., J. Dijkstra, E. Kebreab, A. Bannink, N. E. Odongo, B. W. McBRIDE, and J. France. 
2008. Aspects of rumen microbiology central to mechanistic modelling of methane production in 
cattle. The Journal of Agricultural Science. 146:213–233. doi:10.1017/S0021859608007752. 

Ensley, S. 2020. Ionophore Use and Toxicosis in Cattle. Veterinary Clinics: Food Animal 
Practice. 36:641–652. doi:10.1016/j.cvfa.2020.07.001. 

Foreyt, W. J., D. H. Rice, and R. B. Wescott. 1986. Evaluation of lasalocid as a coccidiostat in 
calves: titration, efficacy, and comparison with Rumensin and decoquinate. Am J Vet Res. 
47:2031–2035. 

https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2019.02207/full


 41 

Fuller, R. 1989. Probiotics in man and animals. Journal of applied bacteriology. 66:365–378. 
doi:10.1111/j.1365-2672.1989.tb05105.x. 

Gadberry, S., P. Beck, M. Moore, F. White, S. Linneen, and D. Lalman. 2022. Meta-analysis of 
the effects of Rumensin on performance of beef replacement heifers and beef cows. Trans Anim 
Sci. 6:txac086. doi:10.1093/tas/txac086. 

Garrett, W. N., G. P. Lofgreen, and J. H. Meyer. 1964. A Net Energy Comparison of Barley and 
Milo for Fattening Cattle. Journal of Animal Science. 23:470–476. 
doi:10.2527/jas1964.232470x. 

Geor, R. j., and W. f. Robinson. 1985. Suspected Rumensin toxicosis in feedlot cattle. Australian 
Veterinary Journal. 62:130–131. doi:10.1111/j.1751-0813.1985.tb07261.x. 

Ghorbani, G. R., D. P. Morgavi, K. A. Beauchemin, and J. A. Z. Leedle. 2002. Effects of 
bacterial direct-fed microbials on ruminal fermentation, blood variables, and the microbial 
populations of feedlot cattle. Journal of Animal Science. 80:1977–1985. 
doi:10.2527/2002.8071977x. 

Goering, H. K., and P. J. Van Soest. 1970. Forage Fiber Analyses (Apparatus, Reagents, 
Procedures, and Some Applications). In: Forage Fiber Analyses (apparatus, Reagents, 
Procedures, and Some Applications). U.S. Agricultural Research Service. 

Goodrich, R. D., J. E. Garrett, D. R. Gast, M. A. Kirick, D. A. Larson, and J. C. Meiske. 1984. 
Influence of Rumensin on the Performance of Cattle. J Anim Sci. 58:1484–1498. 
doi:10.2527/jas1984.5861484x. 

Gorski, J., T. H. Blosser, F. R. Murdock, A. S. Hodgson, B. K. Soni, and R. E. Erb. 1957. A Urine 
and Feces Collecting Apparatus for Heifers and Cows. Journal of Animal Science. 16:100–109. 
doi:10.2527/jas1957.161100x. 

Grainger, C., R. Williams, R. J. Eckard, and M. C. Hannah. 2010. A high dose of Rumensin does 
not reduce methane emissions of dairy cows offered pasture supplemented with grain. Journal of 
Dairy Science. 93:5300–5308. doi:10.3168/jds.2010-3154. 

Guan, H., K. M. Wittenberg, K. H. Ominski, and D. O. Krause. 2006. Efficacy of ionophores in 
cattle diets for mitigation of enteric methane1. J Anim Sci. 84:1896–1906. doi:10.2527/jas.2005-
652. 

Guimaraes, O., G. Preedy, J. T. Fox, B. Cappellozza, T. C. Davis, J. S. Schutz, and M. Theurer. 
2024. A Novel Direct-Fed Microbial Impacts Growth Performance and Supports Overall Health 
of Feedlot Cattle. Ruminants. doi:10.3390/ruminants4020019. 



 42 

Hales, K. E., N. A. Cole, and J. C. MacDonald. 2012. Effects of corn processing method and 
dietary inclusion of wet distillers grains with solubles on energy metabolism, carbon−nitrogen 
balance, and methane emissions of cattle1,2. Journal of Animal Science. 90:3174–3185. 
doi:10.2527/jas.2011-4441. 

Hastings, E. G. 1944. The Significance of the Bacteria and the Protozoa of the Rumen of the 
Bovine. Bacteriological Reviews. 8:235–254. doi:10.1128/mmbr.8.4.235-254.1944. 

Henneberg, W., and F. Stohmann. 1859. Uber das erhaltungsfutter volljahrigen rindviehs. J. 
Landwirtsch. 3:485–551. 

Henneberg, W., and F. Stohmann. 1860. Contributions to the foundation of rational feeding of 
ruminants (Beiträge zur begründung einer rationallen Fütterung der Wiederkäuer.). 

Henneberg, W., and F. Stohmann. 1864. Contributions to the foundation of rational feeding of 
ruminants (Beiträge zur begründung einer rationallen Fütterung der Wiederkäuer.). 

Henry, W. A., and F. B. Morrison. 1915. Feeds and Feeding: A Handbook For the Student and 
Stockman. 15th ed. Henry-Morrison, Madison Wis. Available from: 
https://catalog.hathitrust.org/Record/010684467 

Hintz, R. W., D. R. Mertens, and K. A. Albrecht. 1996. Effects of Sodium Sulfite on Recovery 
and Composition of Detergent Fiber and Lignin. Journal of AOAC INTERNATIONAL. 79:16–
22. doi:10.1093/jaoac/79.1.16. 

Hobson, P. N. 1965. Continuous Culture of Rumen Bacteria: Apparatus. Journal of General 
Microbiology. 38:161–166. doi:10.1099/00221287-38-2-161. 

Holden, L. A. 1999. Comparison of Methods of In Vitro Dry Matter Digestibility for Ten Feeds. 
Journal of Dairy Science. 82:1791–1794. doi:10.3168/jds.S0022-0302(99)75409-3. 

Hook, S. E., K. S. Northwood, A.-D. G. Wright, and B. W. McBride. 2009. Long-Term 
Rumensin Supplementation Does Not Significantly Affect the Quantity or Diversity of 
Methanogens in the Rumen of the Lactating Dairy Cow. Appl Environ Microbiol. 75:374–380. 
doi:10.1128/AEM.01672-08. 

Hoover, W. H., B. A. Crooker, and C. J. Sniffen. 1976. Effects of Differential Solid-Liquid 
Removal Rates on Protozoa Numbers in Continuous Cultures of Rumen Contents. Journal of 
Animal Science. 43:528–534. doi:10.2527/jas1976.432528x. 

Hristov, A. N., C. Lee, R. Hristova, P. Huhtanen, and J. L. Firkins. 2012. A meta-analysis of 
variability in continuous-culture ruminal fermentation and digestibility data. Journal of Dairy 
Science. 95:5299–5307. doi:10.3168/jds.2012-5533. 

https://catalog.hathitrust.org/Record/010684467


 43 

Huber, T. L., J. H. Cooley, D. D. Goetsch, and N. K. Das. 1976. Lactic Acid-Utilizing Bacteria in 
Ruminal Fluid of a Steer Adapted from Hay Feeding to a High-Grain Ration. 
doi:10.2460/ajvr.1976.37.05.611. Available from: 
https://avmajournals.avma.org/view/journals/ajvr/37/5/ajvr.1976.37.05.611.xml 

Hughes, J. W. 1963. Equipment for the separate and total collection of faeces and urine from 
dairy cattle. New Zealand Journal of Agricultural Research. 6:127–139. 
doi:10.1080/00288233.1963.10419330. 

Hungate, R. E. 1947. Studies on Cellulose Fermentation: III. The Culture and Isolation for 
Cellulose-decomposing Bacteria from the Rumen of Cattle. Journal of Bacteriology. 53:631–645. 

Hungate, R. E. 1966. The Rumen and Its Microbes. Available from: 
https://shop.elsevier.com/books/the-rumen-and-its-microbes/hungate/978-1-4832-3308-6 

Hungate, R. E. 1969. Chapter IV A Roll Tube Method for Cultivation of Strict Anaerobes. In: J. 
R. Norris and D. W. Ribbons, editors. Methods in Microbiology. Vol. 3. Academic Press. p. 117–
132. Available from: https://www.sciencedirect.com/science/article/pii/S0580951708705038 

Hungate, R. E., M. P. Bryant, and R. A. Mah. 1964. The Rumen Bacteria and Protozoa. Annual 
Review of Microbiology. 18:131–166. doi:10.1146/annurev.mi.18.100164.001023. 

Huntington, G. B. 1997. Use of Ionophores in Grazing Ruminants. American Association of 
Bovine Practitioners Conference Proceedings. 104–109. doi:10.21423/aabppro19975839. 

Janzen, E. D., O. M. Radostits, and J. P. Orr. 1981. Possible Rumensin Poisoning in a Group of 
Bulls. Can Vet J. 22:92–94. 

James, T. W. 1961. Continuous Culture of Microorganisms. Annual Review of Microbiology. 
15:27–46. doi:10.1146/annurev.mi.15.100161.000331. 

Jancewicz, L. J., G. B. Penner, M. L. Swift, C. Waldner, K. M. Koenig, K. A. Beauchemin, and 
T. A. McAllister. 2017. Predicting fecal nutrient concentrations and digestibilities and growth 
performance in feedlot cattle by near-infrared spectroscopy. Journal of Animal Science. 95:455–
474. doi:10.2527/jas.2016.0876. 

Jennings, J. S., B. E. Meyer, P. J. Guiroy, and N. A. Cole. 2018. Energy costs of feeding excess 
protein from corn-based by-products to finishing beef cattle. Journal of Animal Science. 96:653–
669. doi:10.1093/jas/sky021. 

Johnson, K. A., and D. E. Johnson. 1995. Methane emissions from cattle. J Anim Sci. 73:2483–
2492. doi:10.2527/1995.7382483x. 

https://avmajournals.avma.org/view/journals/ajvr/37/5/ajvr.1976.37.05.611.xml
https://shop.elsevier.com/books/the-rumen-and-its-microbes/hungate/978-1-4832-3308-6
https://www.sciencedirect.com/science/article/pii/S0580951708705038


 44 

Johnson, R. R. 1966. Techniques and Procedures for In Vitro and In Vivo Rumen Studies. 
Journal of Animal Science. 25:855–875. doi:10.2527/jas1966.253855x. 

Joule, J. P. 1843. On the calorific effects of magneto-electricity, and on the mechanical value of 
heat. The London, Edinburgh, and Dublin Philosophical Magazine and Journal of Science. 
23:435–443. doi:10.1080/14786444308644766. 

Joyner, A. E., and R. L. Baldwin. 1966. Enzymatic Studies of Pure Cultures of Rumen 
Microorganisms. Journal of Bacteriology. 92:1321–1330. doi:10.1128/jb.92.5.1321-1330.1966. 

Kartchner, R. J., and L. R. Rittenhouse. 1979. TECHNICAL NOTES A Feces-Urine Separator 
for Making Total Fecal Collections from the Female Bovine. doi:10.2307/3898028. 

Kellerman, K. F., and I. G. McBETH. 1912. Soil organisms which destroy cellulose. Cent. Bakt., 
Abt. 34:63–64. 

Kellner, O. J. 1908. The scientific feeding of animals: authorised translation. Macmillan, 
Toronto. Available from: https://catalog.hathitrust.org/Record/009085809 

Kjeldahl, J. 1883. Neue Methode zur Bestimmung des Stickstoffs in organischen Körpern. 
Fresenius, Zeitschrift f. anal. Chemie. 22:366–382. doi:10.1007/BF01338151. 

Kmet, V., H. J. Flint, and R. J. Wallace. 1993. Probiotics and manipulation of rumen 
development and function. Archives of Animal Nutrition. 44:1–10. 
doi:10.1080/17450399309386053. 

Kouyoumdjian, J. A., M. D. P. A. Morita, A. K. Sato, and A. F. Pissolatti. 2001. Fatal 
rhabdomyolysis after acute sodium Rumensin (Rumensin®) toxicity: case report. Arq. Neuro-
Psiquiatr. 59:596–598. doi:10.1590/S0004-282X2001000400022. 

Krehbiel, C. R., S. R. Rust, G. Zhang, and S. E. Gilliland. 2003. Bacterial direct-fed microbials 
in ruminant diets: Performance response and mode of action. Journal of Animal Science. 81. 
doi:doi.org/10.2527/2003.8114_suppl_2E120x. 

Kung, L., and A. O. Hession. 1995. Preventing in vitro lactate accumulation in ruminal 
fermentations by inoculation with Megasphaera elsdenii. Journal of Animal Science. 73:250–
256. doi:10.2527/1995.731250x. 

Lascano, G. J., G. I. Zanton, A. J. Heinrichs, and W. P. Weiss. 2010. Technical note: A 
noninvasive urine collection device for female cattle: Modification of the urine cup collection 
method. Journal of Dairy Science. 93:2691–2694. doi:10.3168/jds.2009-3027. 

https://doi.org/10.2527/jas1966.253855x
https://catalog.hathitrust.org/Record/009085809
http://doi.org/10.2527/2003.8114_suppl_2E120x


 45 

Lavoisier, A. L., and P. S. Laplace. 1920. Les Maîtres de la Pensée Scientifique; Collection de 
Mémoires Publés par les Soins de M. Solovine. Gauthier-Villars et cie, Paris. Available from: 
https://catalog.hathitrust.org/Record/011679081 

LeGendre, J. R., R. Totusek, and W. D. Gallup. 1957. EFFECT OF LIVE-CELL YEAST ON 
NITROGEN RETENTION AND DIGESTIBILITY OF RATIONS BY BEEF CATTLE. Journal 
of Animal Science. 16:671–674. doi:10.1093/ansci/16.3.671. 

Lengowski, M. B., K. H. R. Zuber, M. Witzig, J. Möhring, J. Boguhn, and M. Rodehutscord. 
2016. Changes in Rumen Microbial Community Composition during Adaption to an In Vitro 
System and the Impact of Different Forages. PLOS ONE. 11. doi:10.1371/journal.pone.0150115. 

Lesperance, A. L., and V. R. Bohman. 1961. Apparatus for Collecting Excreta from Grazing 
Cattle. Journal of Animal Science. 20:503–505. doi:10.2527/jas1961.203503x. 

Leuchs, J. C. 1860. Nutrition: Science and Application with Special Reference to the Beneficial 
Nutrition of Cattle (Die Ernährung. Wissenschaft und Anwendung mit besonderer 
Berücksichtigung der vortheilhaften Ernährung des Rindviehes). 

Lilly, D. M., and R. H. Stillwell. 1965. Probiotics: Growth-Promoting Factors Produced by 
Microorganisms. Science. 147:747–748. doi:10.1126/science.147.3659.747. 

Lloyd, A. B., R. B. Cumming, and R. D. Kent. 1977. Prevention of Salmonella Typhimurium 
Infection in Poultry by Pretreatment of Chickens and Poults with Intestinal Extracts. Australian 
Veterinary Journal. 53:82–87. doi:10.1111/j.1751-0813.1977.tb14891.x. 

Lofgeeen, G. P., D. L. Bath, and H. T. Strong. 1963. Net Energy of Successive Increments of 
Feed above Maintenance for Beef Cattle. Journal of Animal Science. 22:598–603. 
doi:10.2527/jas1963.223598x. 

Lofgreen, G. P. 1951. The Use of Digestible Energy in the Evaluation of Feeds. Journal of 
Animal Science. 10:344–351. doi:10.2527/jas1951.102344x. 

Lofgreen, G. P., and W. N. Garrett. 1968. A System for Expressing Net Energy Requirements and 
Feed Values for Growing and Finishing Beef Cattle. Journal of Animal Science. 27:793–806. 
doi:10.2527/jas1968.273793x. 

Luedtke, B. E., J. M. Bosilevac, D. M. Harhay, D. M. Harhay, and T. M. Arthur. 2016. Effect of 
Direct-Fed Microbial Dosage on the Fecal Concentrations of Enterohemorrhagic Escherichia coli 
in Feedlot Cattle. Foodborne Pathogens and Disease. 13:190–195. doi:10.1089/fpd.2015.2063. 

Mackowiak, P. A. 2013. Recycling Metchnikoff: Probiotics, the Intestinal Microbiome and the 
Quest for Long Life. Front Public Health. 1:52. doi:10.3389/fpubh.2013.00052. 

https://catalog.hathitrust.org/Record/011679081


 46 

Mackie, R. I., F. M. C. Gilchrist, and S. Heath. 1984. An in vivo study of ruminal micro-
organisms influencing lactate turnover and its contribution to volatile fatty acid production. J. 
Agric. Sci. 103:37–51. doi:10.1017/S0021859600043306. 

Marques, R. da S., and R. F. Cooke. 2021. Effects of Ionophores on Ruminal Function of Beef 
Cattle. Animals. 11:2871. doi:10.3390/ani11102871. 

Martin, S. A., and D. J. Nisbet. 1992. Effect of Direct-Fed Microbials on Rumen Microbial 
Fermentation. Journal of Dairy Science. 75:1736–1744. doi:10.3168/jds.S0022-0302(92)77932-
6. 

Maynard, L. A. 1947. Animal Nutrition. 2nd ed. McGraw-Hill book company, Inc, New York. 
Available from: https://www.biodiversitylibrary.org/bibliography/155283 

Mazon, G., M. R. Campler, C. Holcomb, J. M. Bewley, and J. H. C. Costa. 2020. Effects of a 
Megasphaera elsdenii oral drench on reticulorumen pH dynamics in lactating dairy cows under 
subacute ruminal acidosis challenge. Animal Feed Science and Technology. 261:114404. 
doi:10.1016/j.anifeedsci.2020.114404. 

McDougall, E. I. 1948. Studies on ruminant saliva. The composition and output of sheep’s saliva. 
Biochemical Journal. 43:99–109. doi:10.1042/bj0430099. 

McDougald, L. R. 1978. Rumensin for the prevention of coccidiosis in calves. Am J Vet Res. 
39:1748–1749. 

McGarvey, J. A., S. Place, J. Palumbo, R. Hnasko, and F. Mitloehner. 2019. Dosage‐dependent 
effects of Rumensin on the rumen microbiota of lactating dairy cattle. MicrobiologyOpen. 
8:e00783. doi:10.1002/mbo3.783. 

McFarland, L. V. 2015. From Yaks to Yogurt: The History, Development, and Current Use of 
Probiotics. Clinical Infectious Diseases. 60:S85–S90. doi:10.1093/cid/civ054. 

Melchior, E. A., K. E. Hales, A. K. Lindholm-Perry, H. C. Freetly, J. E. Wells, C. N. Hemphill, T. 
A. Wickersham, J. E. Sawyer, and P. R. Myer. 2018. The effects of feeding Rumensin on rumen 
microbial communities and methanogenesis in bred heifers fed in a drylot. Livestock Science. 
212:131–136. doi:10.1016/j.livsci.2018.03.019. 

Menke, K. 1988. Estimation of the energetic feed value obtained from chemical analysis and in 
vitro gas production using rumen fluid. Available from: 
https://www.semanticscholar.org/paper/Estimation-of-the-energetic-feed-value-obtained-and-
Menke/d3ac6b5a6ac47bb07b0e9055c818dc785b440d18 

https://www.biodiversitylibrary.org/bibliography/155283
https://www.semanticscholar.org/paper/Estimation-of-the-energetic-feed-value-obtained-and-Menke/d3ac6b5a6ac47bb07b0e9055c818dc785b440d18
https://www.semanticscholar.org/paper/Estimation-of-the-energetic-feed-value-obtained-and-Menke/d3ac6b5a6ac47bb07b0e9055c818dc785b440d18


 47 

Mertens, D. R and Collaborators: 2002. Gravimetric Determination of Amylase-Treated Neutral 
Detergent Fiber in Feeds with Refluxing in Beakers or Crucibles: Collaborative Study. Journal of 
AOAC INTERNATIONAL. 85:1217–1240. doi:10.1093/jaoac/85.6.1217. 

Metchnikoff, E. 1908. The Prolongation of Life. Putnam. 

Millen, D. D., M. De Beni Arrigoni, and R. D. Lauritano Pacheco, eds. 2016. Rumenology. 
Springer International Publishing, Cham. Available from: http://link.springer.com/10.1007/978-
3-319-30533-2 

Mitchell, H. H. 1942. The Evaluation of Feeds on the Basis of Digestible and Metabolizable 
Nutrients: Report of the American Society of Animal Production’s Special Committee on the 
Evaluation of Feeds. Journal of Animal Science. 1:159–173. doi:10.2527/jas1942.12159x. 

Monod, J., A. Lwoff, and A. Ullmann. 1978. Selected Papers in Molecular Biology by Jacques 
Monod. Academic Press, New York. Available from: https://doi.org/10.1016/B978-0-12-460482-
7.X5001-5 

Monteiro, H. F., A. L. J. Lelis, V. L. N. Brandao, A. Faccenda, A. S. Avila, J. Arce-Cordero, L. G. 
Silva, X. Dai, R. Restelatto, P. Carvalho, L. R. Lima, and A. P. Faciola. 2020. In vitro evaluation 
of Lactobacillus plantarum as direct-fed microbials in high-producing dairy cows diets. 
Translational Animal Science. 4:214–228. doi:10.1093/tas/txz187. 

Monteiro, H. F., A. L. J. Lelis, P. Fan, B. Calvo Agustinho, R. R. Lobo, J. A. Arce-Cordero, X. 
Dai, K. C. Jeong, and A. P. Faciola. 2022. Effects of lactic acid-producing bacteria as direct-fed 
microbials on the ruminal microbiome. Journal of Dairy Science. 105:2242–2255. 
doi:10.3168/jds.2021-21025. 

Morrison, F. B. 1936. Feeds and Feeding: A Handbook for the Student and Stockman. 20th ed. 
Morrison Publishing Company. 

Naeem, M., and D. Bourassa. 2025. Probiotics in Poultry: Unlocking Productivity Through 
Microbiome Modulation and Gut Health. Microorganisms. 13:257. 
doi:10.3390/microorganisms13020257. 

Nagaraja, T. G. 1995. Ionophores and antibiotics in ruminants. In: Biotechnology in Animal 
Feeds and Animal Feeding. John Wiley & Sons, Ltd. p. 173–204. Available from: 
https://onlinelibrary.wiley.com/doi/abs/10.1002/9783527615353.ch9 

Nagaraja, T. G., T. B. Avery, E. E. Bartley, S. J. Galitzer, and A. D. Dayton. 1981. Prevention of 
Lactic Acidosis in Cattle by Lasalocid or Rumensin. Journal of Animal Science. 53:206–216. 
doi:10.2527/jas1981.531206x. 

http://link.springer.com/10.1007/978-3-319-30533-2
http://link.springer.com/10.1007/978-3-319-30533-2
https://doi.org/10.1016/B978-0-12-460482-7.X5001-5
https://doi.org/10.1016/B978-0-12-460482-7.X5001-5
https://onlinelibrary.wiley.com/doi/abs/10.1002/9783527615353.ch9


 48 

Nagaraja, T. G., C. J. Newbold, C. J. Van Nevel, and D. Demeyer. 1997. Manipulation of ruminal 
fermentation. 523–632. doi:10.1007/978-94-009-1453-7_13. 

Nagaraja, T. G., and E. C. Titgemeyer. 2007. Ruminal Acidosis in Beef Cattle: The Current 
Microbiological and Nutritional Outlook1,2. Journal of Dairy Science. 90:E17–E38. 
doi:10.3168/jds.2006-478. 

Nelson, A. B., A. D. Tillman, W. D. Gallup, and R. MacVicar. 1954. A Modified Metabolism 
Stall for Steers. Journal of Animal Science. 13:504–510. doi:10.2527/jas1954.132504x. 

Nichols, D., K. Lewis, J. Orjala, S. Mo, R. Ortenberg, P. O’Connor, C. Zhao, P. Vouros, T. 
Kaeberlein, and S. S. Epstein. 2008. Short Peptide Induces an “Uncultivable” Microorganism To 
Grow In Vitro. Applied and Environmental Microbiology. 74:4889–4897. 
doi:10.1128/AEM.00393-08. 

Nkrumah, J. D., E. K. Okine, G. W. Mathison, K. Schmid, C. Li, J. A. Basarab, M. A. Price, Z. 
Wang, and S. S. Moore. 2006. Relationships of feedlot feed efficiency, performance, and feeding 
behavior with metabolic rate, methane production, and energy partitioning in beef cattle1. J 
Anim Sci. 84:145–153. doi:10.2527/2006.841145x. 

Novilla, M. N. 2018. Chapter 78 - Ionophores. In: R. C. Gupta, editor. Veterinary Toxicology 
(Third Edition). Academic Press. p. 1073–1092. Available from: 
https://www.sciencedirect.com/science/article/pii/B9780128114100000787 

Odongo, N. E., R. Bagg, G. Vessie, P. Dick, M. M. Or-Rashid, S. E. Hook, J. T. Gray, E. 
Kebreab, J. France, and B. W. McBride. 2007. Long-Term Effects of Feeding Rumensin on 
Methane Production in Lactating Dairy Cows. Journal of Dairy Science. 90:1781–1788. 
doi:10.3168/jds.2006-708. 

Ogunade, I., H. Schweickart, K. Andries, J. Lay, and J. Adeyemi. 2018. Rumensin Alters the 
Functional and Metabolomic Profile of Rumen Microbiota in Beef Cattle. Animals. 8:211. 
doi:10.3390/ani8110211. 

Old, C. A., I. J. Lean, and H. A. Rossow. 2019. Mathematical absurdities in the California net 
energy system. Translational Animal Science. 3:1018–1028. doi:10.1093/tas/txz020. 

Oliveira, A. S., Z. G. Weinberg, I. M. Ogunade, A. A. P. Cervantes, K. G. Arriola, Y. Jiang, D. 
Kim, X. Li, M. C. M. Gonçalves, D. Vyas, and A. T. Adesogan. 2017. Meta-analysis of effects of 
inoculation with homofermentative and facultative heterofermentative lactic acid bacteria on 
silage fermentation, aerobic stability, and the performance of dairy cows. Journal of Dairy 
Science. 100:4587–4603. doi:10.3168/jds.2016-11815. 

https://www.sciencedirect.com/science/article/pii/B9780128114100000787


 49 

Oltjen, J. W. 2019. How did Lofgreen and Garrett do the math. Translational Animal Science. 
3:1011–1017. doi:10.1093/tas/txz072. 

Ovinge, L. A., J. O. Sarturi, M. L. Galyean, M. A. Ballou, S. J. Trojan, P. R. B. Campanili, A. A. 
Alrumaih, and L. A. Pellarin. 2018. Effects of a live yeast in natural-program finishing feedlot 
diets on growth performance, digestibility, carcass characteristics, and feeding behavior1. Journal 
of Animal Science. 96:684–693. doi:10.1093/jas/sky011. 

Owens, F. 2021. Ionophores for growing and finishing beef cattle: History, benefits, challenges, 
and global warming. Oklahoma State University. 

Owens, F. N., D. S. Secrist, W. J. Hill, and D. R. Gill. 1998. Acidosis in cattle: a review. Journal 
of Animal Science. 76:275–286. doi:10.2527/1998.761275x. 

Parker, RB. 1974. Probiotics, the other half of the antibiotics story. Anim Nutr Health. 29:4–8. 

Paulson, G. D., and D. J. Cottrell. 1984. An apparatus for quantitative collection of urine from 
male cattle, sheep, and swine. Am J Vet Res. 45:2150–2151. 

Pereira, A. M., M. de Lurdes Nunes Enes Dapkevicius, and A. E. S. Borba. 2022. Alternative 
pathways for hydrogen sink originated from the ruminal fermentation of carbohydrates: Which 
microorganisms are involved in lowering methane emission? Animal Microbiome. 4:5. 
doi:10.1186/s42523-021-00153-w. 

Perry, F. G., and G. K. Macleod. 1969. Permanent rumen cannula. Journal of Dairy Science. 
52:264–265. doi:10.3168/jds.s0022-0302(69)86543-4. 

Ponce, C. H., J. J. J. Jennings, M. S. Brown, B. E. Meyer, and N. A. Cole. 2024. Effects of 
steam-flaked corn and wet distillers grains with solubles on energy metabolism of finishing beef 
steers*. Applied Animal Science. 40:14–28. doi:10.15232/aas.2023-02439. 

Potter, E. L., R. L. VanDuyn, and C. O. Cooley. 1984. Rumensin Toxicity in Cattle. Journal of 
Animal Science. 58:1499–1511. doi:10.2527/jas1984.5861499x. 

Pringsheim, H. 1912. On the fermentative degradation of cellulose. (Über den fermentativen 
Abbau der Cellulose.). Hoppe-Seyler´s Zeitschrift für physiologische Chemie. 78:266–291. 
doi:10.1515/bchm2.1912.78.3-4.266. 

Prouty, C. C. 1947. Brewer’s Yeast in Human and Livestock Nutrition: A Review of Literature. 
State College of Washington. Extension Service. 484. 



 50 

Richardson, A. J., A. G. Calder, C. S. Stewart, and A. Smith. 1989. Simultaneous determination 
of volatile and non-volatile acidic fermentation products of anaerobes by capillary gas 
chromatography. Lett Appl Microbiol. 9:5–8. doi:10.1111/j.1472-765X.1989.tb00278.x. 

Richardson, L. F., A. P. Raun, E. L. Potter, C. O. Cooley, and R. P. Rathmacher. 1976. Effect of 
Rumensin on Rumen Fermentation in Vitro and in Vivo. Journal of Animal Science. 43:657–664. 
doi:10.2527/jas1976.433657x. 

Riede, S., A. Toboldt, G. Breves, M. Metzner, B. Köhler, J. Bräunig, H. Schafft, M. Lahrssen‐
Wiederholt, and L. Niemann. 2016. Investigations on the possible impact of a glyphosate‐
containing herbicide on ruminal metabolism and bacteria in vitro by means of the ‘Rumen 
Simulation Technique.’ Journal of Applied Microbiology. 121:644–656. doi:10.1111/jam.13190. 

Russell, J. B. 1987. A Proposed Mechanism of Rumensin Action in Inhibiting Ruminant 
Bacterial Growth: Effects on Ion Flux and Protonmotive Force. Journal of Animal Science. 
64:1519–1525. doi:10.2527/jas1987.6451519x. 

Russell, J. B., and D. B. Dombrowski. 1980. Effect of pH on the efficiency of growth by pure 
cultures of rumen bacteria in continuous culture. Appl Environ Microbiol. 39:604–610. 
doi:10.1128/aem.39.3.604-610.1980. 

Russell, J. B., and R. L. Baldwin. 1978. Substrate Preferences in Rumen Bacteria: Evidence of 
Catabolite Regulatory Mechanisms. Appl Environ Microbiol. 36:319–329. 
doi:10.1128/aem.36.2.319-329.1978. 

Russell, J. B., and H. J. Strobel. 1989. Effect of ionophores on ruminal fermentation. Applied and 
Environmental Microbiology. 55:1–6. doi:10.1128/aem.55.1.1-6.1989. 

Salfer, I. J., C. Staley, H. E. Johnson, M. J. Sadowsky, and M. D. Stern. 2018. Comparisons of 
bacterial and archaeal communities in the rumen and a dual-flow continuous culture fermentation 
system using amplicon sequencing. Journal of Animal Science. 96:1059–1072. 
doi:10.1093/jas/skx056. 

Schalk, A. F., and R. S. Amadon. 1928. Physiology of the ruminant stomach (bovine). 

Schelling, G. T. 1984. Rumensin mode of action in the rumen. Journal of Animal Science. 
58:1518–1527. doi:10.2527/jas1984.5861518x. 

Shaw, G. W., and H. T. French. 1897. The relative digestibility of cheat and clover. Oregon 
Agricultural Experiment Station, Corvallis, Ore. Available from: 
https://catalog.hathitrust.org/Record/102373276 

https://catalog.hathitrust.org/Record/102373276


 51 

Simonne, A. H., E. H. Simonne, R. R. Eitenmiller, H. A. Mills, and C. P. Cresman III. 1997. 
Could the Dumas Method Replace the Kjeldahl Digestion for Nitrogen and Crude Protein 
Determinations in Foods? Journal of the Science of Food and Agriculture. 73:39–45. 
doi:10.1002/(SICI)1097-0010(199701)73:1<39::AID-JSFA717>3.0.CO;2-4. 

Slyter, L. L., and P. A. Putnam. 1967. In vivo vs. in vitro Continuous Culture of Ruminal 
Microbial Populations. Journal of Animal Science. 26:1421–1427. 
doi:10.2527/jas1967.2661421x. 

Smith, T. 1979. The collection of faeces and urine from steers. Journal of the Science of Food 
and Agriculture. 30:215–217. doi:10.1002/jsfa.2740300218. 

Smith, Z. K., K. Karges, and A. Aguilar. 2020. Evaluation of an active live yeast (Levucell 
Saccharomyces cerevisiae, CNCM l-1077) on receiving and backgrounding period growth 
performance and efficiency of dietary net energy utilization in low health risk beef steers1. 
Translational Animal Science. 4:txaa127. doi:10.1093/tas/txaa127. 

Soest, P. J. V. 1963a. Use of Detergents in the Analysis of Fibrous Feeds. I. Preparation of Fiber 
Residues of Low Nitrogen Content. Journal of Association of Official Agricultural Chemists. 
46:825–829. doi:10.1093/jaoac/46.5.825. 

Soest, P. J. V. 1963b. Use of Detergents in the Analysis of Fibrous Feeds. II. A Rapid Method for 
the Determination of Fiber and Lignin. Journal of Association of Official Agricultural Chemists. 
46:829–835. doi:10.1093/jaoac/46.5.829. 

Soest, P. J. V., and R. H. Wine. 1967. Use of Detergents in the Analysis of Fibrous Feeds. IV. 
Determination of Plant Cell-Wall Constituents. Journal of Association of Official Analytical 
Chemists. 50:50–55. doi:10.1093/jaoac/50.1.50. 

Stanford, K., S. J. Hannon, C. W. Booker, and G. K. Jim. 2014. Variable efficacy of a vaccine 
and direct-fed microbial for controlling Escherichia coli O157:H7 in feces and on hides of 
feedlot cattle. Foodborne Pathogens and Disease. 11:379–387. doi:10.1089/fpd.2013.1693. 

Stewart, E. J. 2012. Growing Unculturable Bacteria. Journal of Bacteriology. 194:4151–4160. 
doi:10.1128/jb.00345-12. 

Stouthamer, A. H., and C. Bettenhaussen. 1973. Utilization of energy for growth and 
maintenance in continuous and batch cultures of microorganisms: A reevaluation of the method 
for the determination of ATP production by measuring molar growth yields. Biochimica et 
Biophysica Acta (BBA) - Reviews on Bioenergetics. 301:53–70. doi:10.1016/0304-
4173(73)90012-8. 



 52 

Stromberg, B. E., J. C. Schlotthauer, K. J. Hamann, H. S. Oz, and W. J. Bemrick. 1986. 
Experimental bovine coccidiosis: Control with Rumensin. Veterinary Parasitology. 22:135–140. 
doi:10.1016/0304-4017(86)90015-4. 

Swanson, K. C., J. J. Gaspers, F. A. Keomanivong, T. C. Gilbery, G. P. Lardy, M. L. Bauer, and 
G. L. Stokka. 2018. Influence of feeding direct-fed microbial supplementation on growth 
performance and feeding behavior in naturally fed and conventionally fed finishing cattle with 
different dietary adaptation periods. Journal of Animal Science. 96:3370–3380. 
doi:10.1093/jas/sky194. 

Tassone, S., R. Fortina, and P. G. Peiretti. 2020. In Vitro Techniques Using the DaisyII Incubator 
for the Assessment of Digestibility: A Review. Animals. 10:775. doi:10.3390/ani10050775. 

Tilley, J. M. A., and R. A. Terry. 1963. A two-stage technique for the in vitro digestion of forage 
crops. Grass and Forage Science. 18:104–111. doi:10.1111/j.1365-2494.1963.tb00335.x. 

Tilton, T. J., K. Martens, L. W. Lucherk, A. Word, B. P. Holland, T. Lawrence, and T. Tennant. 
2024. The effect of a direct-fed microbial (10-G) on live animal performance, carcass 
characteristics, and Salmonella prevalence of fed beef heifers. Translational Animal Science. 
doi:10.1093/tas/txae086. 

Tolleson, D. R., and L. L. Erlinger. 1989. An Improved Harness for Securing Fecal Collection 
Bags to Grazing Cattle. Journal of Range Management. 42:396. doi:10.2307/3899547. 

Twort, F. W., and G. L. Yeatman. Ingram. 1913. A monograph on Johne’s disease (enteritis 
chronica pseudotuberculosa bovis). Baillière, Tindall and Cox, London. Available from: 
https://www.biodiversitylibrary.org/bibliography/33187 

Van Vleet, J. F., H. E. Amstutz, W. E. Weirich, A. H. Rebar, and V. J. Ferrans. 1983. Clinical, 
clinicopathologic, and pathologic alterations in acute Rumensin toxicosis in cattle. Am J Vet Res. 
44:2133–2144. 

van Es, A. J. H., and J. E. Vogt. 1959. Separate Collection of Feces and Urine of Cows. Journal 
of Animal Science. 18:1220–1223. doi:10.2527/jas1959.1841220x. 

Van Soest, P. J. 1963. Use of Detergents in the Analysis of Fibrous Feeds. II. A Rapid Method for 
the Determination of Fiber and Lignin. Journal of Association of Official Agricultural Chemists. 
46:829–835. doi:10.1093/jaoac/46.5.829. 

Vartoukian, S. R., R. M. Palmer, and W. G. Wade. 2010. Strategies for culture of ‘unculturable’ 
bacteria. FEMS Microbiology Letters. 309:1–7. doi:10.1111/j.1574-6968.2010.02000.x. 

https://www.biodiversitylibrary.org/bibliography/33187


 53 

Wallace, R. J., and C. J. Newbold. 1992. Probiotics for ruminants. In: R. Fuller, editor. 
Probiotics: The scientific basis. Springer Netherlands, Dordrecht. p. 317–353. Available from: 
https://doi.org/10.1007/978-94-011-2364-8_12  

Wallinga, D., L. A. M. Smit, M. F. Davis, J. A. Casey, and K. E. Nachman. 2022. A Review of 
the Effectiveness of Current US Policies on Antimicrobial Use in Meat and Poultry Production. 
Curr Environ Health Rep. 9:339–354. doi:10.1007/s40572-022-00351-x. 

Wang, Y., T. A. McAllister, L. M. Rode, K. A. Beauchemin, D. P. Morgavi, V. L. Nsereko, A. D. 
Iwaasa, and W. Yang. 2001. Effects of an exogenous enzyme preparation on microbial protein 
synthesis, enzyme activity and attachment to feed in the Rumen Simulation Technique (Rusitec). 
Br J Nutr. 85:325–332. doi:10.1079/BJN2000277. 

Watanabe, K., J. Watanabe, S. Kuramitsu, and H. B. Maruyama. 1981. Comparison of the 
Activity of Ionophores with Other Antibacterial Agents Against Anaerobes. Antimicrob Agents 
Chemother. 19:519–525. doi:10.1128/aac.19.4.519. 

Webster, A. J. F., J. M. Brockway, and J. S. Smith. 1974. Prediction of the Energy Requirements 
for Growth in Beef Cattle 1. The irrelevance of fasting metabolism. Animal Science. 19:127–
139. doi:10.1017/S0003356100022698. 

Wei, X., K. Ouyang, T. Long, Z. Liu, Y. Li, and Q. Qiu. 2022. Dynamic Variations in Rumen 
Fermentation Characteristics and Bacterial Community Composition during In Vitro 
Fermentation. Fermentation. 8:276–276. doi:10.3390/fermentation8060276. 

Wenner, B. A., E. Kesselring, L. Antal, T. Henthorne, and A. J. Carpenter. 2021. Dual-flow 
continuous culture fermentor system updated to decrease variance of estimates of digestibility of 
neutral detergent fiber. Applied Animal Science. 37:445–450. doi:10.15232/aas.2021-02144. 

Wetzels, S. U., M. Eger, M. Burmester, L. Kreienbrock, A. Abdulmawjood, B. Pinior, M. 
Wagner, G. Breves, and E. Mann. 2018. The application of rumen simulation technique 
(RUSITEC) for studying dynamics of the bacterial community and metabolome in rumen fluid 
and the effects of a challenge with Clostridium perfringens. PLOS ONE. 13:e0192256. 
doi:10.1371/journal.pone.0192256. 

Wiedmeier, R. D., M. J. Arambel, and J. L. Walters. 1987. Effect of Yeast Culture and 
Aspergillus oryzae Fermentation Extract on Ruminal Characteristics and Nutrient Digestibility1. 
Journal of Dairy Science. 70:2063–2068. doi:10.3168/jds.S0022-0302(87)80254-0. 

Wilson, B. K., and C. R. Krehbiel. 2012. Current and Future Status of Practical Applications: 
Beef Cattle. In: Direct-Fed Microbials and Prebiotics for Animals. Vol. 1. 1st ed. Springer New 
York, NY. p. 137–152. Available from: https://doi.org/10.1007/978-1-4614-1311-0_9 

https://doi.org/10.1007/978-94-011-2364-8_12
https://doi.org/10.1007/978-1-4614-1311-0_9


 54 

Woodman, H. E. 1927. The mechanism of cellulose digestion in the ruminant organism. J. Agric. 
Sci. 17:333–338. doi:10.1017/S0021859600008947. 

Woodman, H. E., and R. E. Evans. 1938. The mechanism of cellulose digestion in the ruminant 
organism: IV. Further observations from in vitro studies of the behaviour of rumen bacteria and 
their bearing on the problem of the nutritive value of cellulose. The Journal of Agricultural 
Science. 28:43–63. doi:10.1017/s002185960005053x. 

Wurster, M. J., L. D. Kamstra, and J. G. Ross. 1971. Evaluation of Cool Season Grass Species 
and Varieties Using In Vivo and In Vitro Techniques. Agronomy Journal. 63:241–245. 
doi:10.2134/agronj1971.00021962006300020014x. 

W., O. 1904. über die Trennung der Wasserstoff-und Methangärung der Cellulose. Zbl. Bakter. 
11:369. 

Yang, C. M., and J. B. Russell. 1993. Effect of Rumensin on the specific activity of ammonia 
production by ruminal bacteria and disappearance of amino nitrogen from the rumen. Applied 
and Environmental Microbiology. 59:3250–3254. doi:10.1128/aem.59.10.3250-3254.1993. 

Yáñez-Ruiz, D. R., A. Bannink, André Bannink, J. Dijkstra, E. Kebreab, D. P. Morgavi, P. 
O’Kiely, C. K. Reynolds, A. Schwarm, K. J. Shingfield, Z. Yu, and A. N. Hristov. 2016. Design, 
implementation and interpretation of in vitro batch culture experiments to assess enteric methane 
mitigation in ruminants—a review. Animal Feed Science and Technology. 216:1–18. 
doi:10.1016/j.anifeedsci.2016.03.016. 

Zerby, H. N., J. L. Bard, S. C. Loerch, P. S. Kuber, A. E. Radunz, and F. L. Fluharty. 2011. 
Effects of diet and Aspergillus oryzae extract or Saccharomyces cervisiae on growth and carcass 
characteristics of lambs and steers fed to meet requirements of natural markets1,2. Journal of 
Animal Science. 89:2257–2264. doi:10.2527/jas.2010-3308. 

Zhou, Y., A. Zhang, R. D. van Klinken, D. Jones, and J. Wang. 2025. Consumers’ perspectives on 
antibiotic use and antibiotic resistance in food animals: a systematic review. NPJ Sci Food. 9:29. 
doi:10.1038/s41538-025-00381-3. 

Zimmermann, J. A., M. L. Fusari, E. Rossler, J. E. Blajman, A. Romero-Scharpen, D. M. 
Astesana, C. R. Olivero, A. P. Berisvil, M. L. Signorini, M. V. Zbrun, L. S. Frizzo, and L. P. Soto. 
2016. Effects of probiotics in swines growth performance: a meta-analysis of randomised 
controlled trials. Animal Feed Science and Technology. 219:280–293. 
doi:10.1016/j.anifeedsci.2016.06.021. 

Zuntz, N. and von Mering. 1883. To what extent does food intake influence the animal oxidation 
processes? (Inwiefern beeinflusst Nahrungszufuhr die thierischen Oxydationsprocesse?). Pflüger, 
Arch. 32:173–221. doi:10.1007/BF01628856. 



 

 55 

CHAPTER 2: UPDATE TO TOTAL COLLECTION TRIAL METHODOLOGY 
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Introduction 

Total collection trials, also known as balance trials or digestibility trials, have been used since 

the late 1800s to assess the digestibility of feedstuffs. Many of the analytical methods used today 

have changed since the studies of Shaw and French (1897); however, it is remarkable how 

similar the apparatus and collection procedures used by these researchers are to those in more 

recent studies (Tolleson and Erlinger, 1989). In the case of balance trials collections, data quality 

would be generally due to: 1) the ability to accurately measure feed intake from individual 

animals, 2) the ability to accurately measure excreta, and 3) the ability to collect a representative 

subsample of each. However, one aspect of balance trials that has historically been ignored is 

animal comfort during collections, and the effect stress could have on feed intake and 

digestibility (Davis et al., 2012; Gouvêa et al., 2022). Traditionally, balance trials relied on 

narrow stanchions to restrain animal movement, limiting it to standing and lying positions 

(Nelson et al., 1954).  

An apparatus that allows animals greater freedom of movement during balance-trial collections 

could improve animal comfort, reduce stress, and maintain normal feed intake and digestibility 

levels. However, the collections must still maintain high data quality, as defined by the 

aforementioned metrics. Publications discussing modifications to the standard methodology of 

balance trials originally described by Shaw and French (1897) are limited, particularly with 

respect to animal comfort. Our updated apparatus builds on the foundation of the previous 

designs, with the current iteration supporting larger pen sizes, greater allowances for animal 

movement, and subsequent improved animal comfort. 

 



 

 57 

Methods 

The following design was used for eight balance-trial collections, each lasting 5 days, conducted 

at Colorado State University's Agriculture Research, Development, and Education Center 

(ARDEC). The apparatus used in these methods are: 1) a modified fecal collection harness 

design by Tolleson and Erlinger (1989) and 2) a urine collection shroud design by USMARC 

(Clay Center, NE). The dimensions of the fecal collection bag and urine collection shroud remain 

the same as previously described.  

Facilities 

Animals were housed in individual indoor pens (2.54 m L × 2.24 m W; Figure 1) with shared 

side panels, arranged parallel in a row of 12 pens. The side panels were comprised of high-tensile 

steel hinged panels (1.58 cm diameter pipe; 163 cm H x 244 cm L). All pens shared a concrete 

retaining wall (1.63 m H), spanning the length of the metal metabolism barn, to the rear of each 

pen. Entrances of each pen faced towards the center of the barn (183 cm W × 163 cm H) and 

were comprised of swinging high-tensile panels, with similar dimensions to those on the sides of 

each pen. An opening for a feed bunk was created at the center of each gate by removing ~86 cm 

of width from the middle two crossbars. The gates were then made more rigid by welding C-

channel steel vertically along the exposed ends of the crossbars. The panels were secured at all 

four corners with 7.62 cm-diameter steel posts filled with concrete. Every two pens share a 

single Nelson 700 Series automatic livestock waterer, floor-mounted within a cutout of the side 

panel (~0.91 m W). To improve traction and comfort beyond that provided by concrete flooring, 

textured, interlocking rubber mats were placed in each pen.  
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Figure 1. Pen design overview. 

The feed bunks were composed of coated fiberglass (~86 W x ~86 L x ~65 cm H; Figure 2) and 

weighed ~18 kg, with 2 cm plywood and downward-facing mounting hooks secured to the front 

face for attachment to the front panel of each pen. Feed bunks were designed to be easily 

detached and reattached to the gate for weighing, sampling, and dispensing feed. Zip ties are 

placed around the hook and gate crossbars to temporarily secure the feed bunk while animals are 

eating. Each feed bunk had a reported empty weight determined at the start of each balance trial 

to facilitate rapid weigh-backs and dispensing of new feed. 
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Figure 2. Feed bunk and front panel design. 

A liquid-ring vacuum pump (Siemens 2BVC6111; maximum displacement of 230 m3/h; 

maximum vacuum of 33 mbar) attached to a 10 HP electric motor operating at 1755 RPM 

(208/416 volts) was used to draw a vacuum for the urine collection of up to 12 animals 

simultaneously. The vacuum system was operated continuously from the time the first animal 

entered the metabolism pen until the last animal left, roughly 120 hours. However, this system 

has been operated continuously for up to 170 h. Copper tubing (3.81 cm OD; Figure 3) leads 

from the pump to the furthest pen along the top lip of the rear concrete wall, spanning 48.77 m to 

the furthest pen. From the main copper line, branching ball valves lead to a narrower copper pipe 

(1.9 cm OD) and are secured along the rear wall using split-ring pipe hangers, allowing for 

individual-pen control.  
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Figure 3. Copper pipe and ball valve system. 

Urine Collection 

The branching copper tubing is connected to the urine collection shroud for each pen using two 

lengths of braided vinyl tubing (1.59 cm outer diameter, 0.95 cm inner diameter, 225 PSI; Figure 

4). One hose length connects the copper tubing to a rubber tapered plug (62mm to 75mm) 

inserted into the neck of a 10 L Nalgene high-density carboy, which is placed in front of each 

metabolism pen. This length is secured along the top rung of the side panels to prevent animals 

from interacting with it. A second length of tube runs from the tapered plug to the urine shroud. 

This tubing is kept on the perimeter of the pen with an upper and lower 5.08 cm rope pulley. The 

lower rope pulley is attached with a rotating snap latch to a metal pole suspended 2.44 m above 

the pen floor, elevated by upright poles between each pen. The lower pulley is attached to the 

upper rung of the front panel, with retention springs securing the hose to the lower rung of the 

panel (Figure 4). Spring placement along the hose is adjusted to minimize slack when the animal 

is standing, while allowing the spring to provide slack when the animal lies down without the 

spring binding up the pulley or overstretching. Additionally, a brass pressure-washer quick-

connect was installed in the tubing segment between the upper pulley and the urine shroud, 

allowing the animal to rotate without twisting the tubing (Figure 4). 
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Figure 4. Quick-connect fitting and external spring-hose connection. 

A molded rubber shroud (Bruckman Rubber; BRC P/N YV-001) is held along the belly of the 

animal, surrounding the genitalia to form a vacuum (Figure 5). The urine shroud is held onto the 

steer with cotton webbing straps (natural untreated, class 1, type 3, 3.81 cm wide) with two 0.3 m 

long straps and 2 x D-rings connected to the right side of the urine shroud and two 3 m long 

straps connected to the left side of the urine shroud. The cotton webbing is stitched around each 

D-ring. At the rear of the urine shroud is a rubber jacket with an opening for slotting in a 1.9 cm 

barb x 1.27 cm MIP FPT elbow fitting. Once inserted, a hose clamp is tightened around the 

rubber jacket to secure the fitting. The other end of the barb insert is threaded onto a 1.9 cm x 

1.27 cm MIP nylon hose barb elbow, which connects to the braided vinyl tubing. The vinyl tube 

will pass from the urine collection shroud along the animal's belly (left side) and is attached to 

the cotton webbing near the top line of the animal's back with zip ties and minimal slack. 

Additional forward-facing D-rings were fitted to the cotton webbing for connecting to the lower 
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girth strap of the fecal collection harness, discussed further below. This connection prevents 

lateral movement of the urine harness along the steer’s flank.  

      

Figure 5. Vacuum tubing and urine shroud system. 

Fecal Collection 

Three wool-lined collars, the dorsal girth, breast collar, and ventral girth dimensions are given in 

Table 1, with arrangement and dimensions similar to those described by Tolleson and Erlinger 

(1989). The collars are secured to the animal with nylon straps of two widths, 2.54 cm and 5.08 

cm. Both ends of the straps were fitted with stainless steel snaps for attachment to collars or fecal 

collection bags. Briefly, the dorsal collar is placed across the back of the animal, just behind the 

shoulder blades. The ventral girth is then connected to the dorsal girth, spanning the chest of the 

animal, caudal to the front legs. Finally, the breast collar is also secured to both girth collars, 

spanning the animal's brisket cranially to the front legs. The collar and strap connections are 

further described in Table 1 and identified in Figure 6.  
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Fecal collection bags were constructed from waterproof, pliable nylon with a volume of roughly 

0.012 m³. This has been sufficient capacity to collect feces for up to 12 hours from animals 

weighing up to 860 kg. Eyelets are distributed along the upper portion of the diaper, with nylon 

rope threaded through them; the rope can be loosened or tightened to adjust the fit for different 

animal shapes. Each material junction was double-stitched, and grommets were placed in eyelets. 

D-rings were attached to the diapers at three locations on each side for strap attachment. 

 

 

Figure 6. Adapted from Tolleson and Erlinger (1989).
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Table 1. Connection points of fecal collection bag and harness. 

 Dorsal Girth  Ventral Girth  Breast Collar 

 Collar 
Top Diaper 

Strap 
Side Diaper 

Strap 
Bottom 

Diaper Strap 
 Collar Vertical Strap  Collar Brisket Strap Dorsal Girth  

Reference to 
Figure 6  

4 3 2 9  8 10  6 7 5 

Connection 
Points of Straps 

N/A 
Upper diaper 
to dorsal girth 

Middle diaper 
to dorsal girth 

Lower diaper 
to dorsal girth 

 N/A 
Ventral girth 

to dorsal girth 
 N/A 

Breast collar 
to ventral girth 

Breast collar 
to dorsal girth 

Number per 
Animal 

1 2 2 2  1 2  1 1 2 

Width (cm) 7.62 2.54 2.54 2.54  7.62 5.08  5.08 5.08 5.08 

Length (cm) 60.9 101 139 178  55.9 88.9  63.5 63.5 63.5 
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CHAPTER 3: CHARACTERIZING THE INFLUENCE OF A BACILLUS DIRECT-FED 

MICROBIAL SUPPLEMENT ON NUTRIENT DIGESTIBILITY IN BEEF CATTLE 

CONSUMING LOW QUALITY ROUGHAGES
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Abstract 

Two experiments were conducted to evaluate direct-fed microbial (DFM) supplementation as 

an alternative to ionophores for improving nutrient utilization of low-quality roughages in beef 

cattle. Total collection trials were used to evaluate the effects of a Bacillus-based DFM product 

and Rumensin in beef cattle consuming corn stalks (Experiment 1) and grass hay (Experiment 

2). Sixteen rumen-cannulated crossbred Angus steers (831 ± 89.4 kg) were used in a 

randomized block design with a 2 × 2 factorial arrangement of treatments for each experiment. 

Treatment included: 1) negative control (NC); 2) Bacillus-based DFM (B; 3 g∙animal-1∙d-1/d); 

3) Rumensin (R; 250 mg∙animal-1∙d-1/d), and Bacillus-based DFM + Rumensin (BR). 

Experiments 1 and 2 were replicated twice, with 30 d washout periods between treatments. 

Apparent nutrient digestibility and retention were determined through total fecal and urine 

collections, and daily rumen samples were obtained post-feeding for short-chain fatty acid 

(SCFA) analysis. Rumensin supplementation increased ADF digestibility of the corn stalk diet 

compared to the controls (P < 0.04), but DFM supplementation did not improve fiber 

digestibility or nitrogen retention compared to the control treatment on either diet (P > 0.05). 

Molar proportions of acetic, propionic, and butyric acids were similar across all treatments for 

cattle consuming the CS diet (P > 0.05). Acetic acid made up a greater proportion in the RB 

treatment than in the B treatment (P < 0.05), and propionic acid made up a lower proportion in 

the RB treatment than in the R or B treatments (P < 0.05) when cattle were consuming the GH 

diet. 
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Introduction 

The supplementation of ionophores, such as Rumensin, has been extensively researched for its 

potential to enhance fiber digestibility in grazing beef cattle, as reviewed by Huntington (1997). 

Ionophores increase the proportion of gram-positive bacteria in the rumen (Marques and Cooke, 

2021), resulting in a decrease in the proportion of acetate and an increase in the proportion of 

propionate produced by the rumen microorganisms. These changes in rumen volatile fatty acids 

(VFA) can occur with or without changes in dry matter digestibility (Ward et al., 1990; Bell et 

al., 2017), which could be an effect of Rumensin reducing the passage rate of digesta. In a 

review, Bretschneider et al. (2008) summarized 136 experiments from 48 publications that 

investigated the impact of ionophores (Rumensin, Lasalocid, Tetronasin, Lysocellin, 

Salinomycin, Bambermycin, Virginiamycin, Avoparcin) on performance in cattle consuming 

forage-based diets. They reported a consistent increase in average daily gain and feed conversion 

rates of beef cattle supplemented with ionophores when consuming forage-based diets, detailing 

that the effect of Rumensin on ADG increased as forage quality decreased. Other authors have 

reported that Rumensin did not improve performance but instead reduced ADG from 0.65 kg in 

the control group to 0.60 kg (McCartor et al., 1979). The inhibition of Rumensin on gram-

negative bacteria growth has been demonstrated to increase bypass protein and improve N 

efficiency (Chen and Russell, 1991). This N efficiency could enhance the N availability of low-

quality roughages and reduce the environmental impact of cattle (Tedeschi et al., 2003).  

Consumer preference for meat products from animals raised without antibiotics has been well-

documented, though it also stems from limited consumer knowledge of antibiotic stewardship 

practices (Zhou et al., 2025). In the early 2000s, the Council of the European Union (2003) 
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introduced significant regulations on antibiotic additives, including the phasing out of 

authorizations for coccidiostat use, such as Rumensin, in livestock diets. These regulations were 

partially revised in 2006 to allow the use of Rumensin for the prevention of coccidiosis in 

poultry and, in 2013, for the prevention of ketosis in transitioning dairy cows (Carresi et al., 

2024). The United States has employed more conservative approaches to antimicrobial 

regulation, forgoing restrictions in exchange for tracking antimicrobial resistance, despite some 

concerns from medical professionals (Wallinga et al., 2022). With international regulations and 

domestic consumer interest in antibiotic-free meat production, producers' interest in alternatives 

to improve feed efficiency and animal performance is growing (Callaway et al., 2021).  

A prevalent antibiotic alternative that offers potential improvements in feed efficiency and 

animal performance is direct-fed microbials (DFM; Wilson and Krehbiel, 2012). Direct-fed 

microbials were defined by Fuller (1989) as: "A live microbial feed supplement which 

beneficially affects the host animal by improving its intestinal microbial balance." This 

definition can be expanded to include an effect on the rumen microbiome, both in terms of 

development and fermentation dynamics (Kmet et al., 1993). Bacterial DFM products are 

broadly categorized as 1) lactate-producing microbials [LAB], 2) lactate-utilizing microbials 

[LUB], and 3) others.  

Bacillus species have been shown to increase DM and NDF disappearance compared to control 

in cows fed a high-forage diet (Limede et al., 2025). As these researchers discuss, the effect is 

likely due to increased enzyme production by Bacillus, specifically proteolytic and fibrolytic 

enzymes (Schallmey et al., 2004). Beef cattle supplemented with a DFM supplement composed 

of Bacillus subtilis, Bacillus licheniformis, Lactobacillus animalis, and Propionibacterium 
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freudenreichii were reported to have increased ADF digestibility when consuming high-

concentrate diets (Silva et al., 2024). These data suggest that, through increased DM digestibility, 

DFM-supplemented cattle could also have greater protein synthesis and nitrogen retention (Silva 

et al., 2019). However, cattle supplemented with a Bacillus DFM, in combination with 

Rumensin, had similar N retention to the Rumensin-only treatment; although the study design 

did not include a negative control treatment for further comparison (Zornitta et al., 2024). Eyre et 

al. (2025) reported no effect of Bacillus supplementation on N retention in beef cattle compared 

to a negative control.  

There is limited research comparing the effects of Rumensin and DFM on fiber digestibility and 

N retention in beef cattle consuming high-fiber diets. Based on the absence of published data, the 

objectives of this study were to: 1) determine if DFM supplements could increase fiber 

digestibility and N retention compared to control cattle, and 2) compare fiber digestibility and N 

retention in cattle supplemented with Rumensin and DFM. We hypothesize that 1) DFM 

supplementation will increase fiber digestibility and N retention compared to both control 

treatments and 2) that the increase of fiber digestibility and N retention will be similar between 

the Rumensin and DFM-supplemented cattle. 

Materials and Methods 

Prior to project initiation, all animal care, handling, and procedures described herein were 

approved by the Colorado State University Animal Care and Use Committee (IACUC approval 

4843). 
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Animals 

Sixteen crossbred Angus steers (BW 831.0 ± 89.4 kg) fitted with rumen cannulae were utilized 

to determine the apparent digestibility of low-quality forages through total collection balance 

trials. Animals were assigned to treatments within each replicate using a randomized block 

design, with the constraint that each animal could not receive the same treatment twice. The 

treatments were designed in a 2×2 factorial arrangement to provide either: 1) negative control 

(NC); 2) Bacillus-based DFM (B; 3 g∙animal-1∙d-1; 1.6 E+10 CFU); 3) Rumensin (R; 250 

mg∙animal-1∙d-1/d; 50.06 g Monensin USP), and Bacillus-based DFM + Rumensin (BR).. Each 

steer was supplemented daily with its respective treatment. Treatment test articles were mixed 

with 250 g of dried distillers' grains (DDG), placed in a feeding pan, and presented to the animal. 

All treatment supplements were consumed by the animals within 5 minutes after feed 

presentation. Animals were fed corn stalks (CS; DM basis: 8.73% CP; 0.66 NEm/kg) during the 

first and second replicates of the first experiment and grass hay during the first and second 

replicates of the second experiment (GH; DM basis: 11.60% CP; 0.63 NEm/kg).  

Animals were fed a basal diet in individual pens for a 30-day adaptation period. Animals were 

individually supplemented with the appropriate DDG-treatment daily, using the corresponding 

feed pan that was designated solely for the given treatment. Animals were monitored at the time 

of treatment supplementation to ensure complete consumption of the appropriate supplement. 

Collections began after the adaptation period, where eight steers were housed in individual 

metabolism stalls (2.54 x 2.24 m). Steers were acclimated to the new surroundings for 24 h, 

followed by 5 d of total fecal and urine collection. Animals were then transferred from their 

individual pens to group housing, 24 h before the second group of eight steers were moved into 
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the same individual metabolism stalls. Treatments were equally represented across both groups, 

and all procedures were similar between the two groups of cattle. After total collections were 

concluded, animals entered a 30-day washout period before starting the subsequent treatment 

supplementation. 

Sample Collection 

Additional details of the collection procedures and design can be found in chapter two of this 

dissertation. Briefly, a certified livestock scale was used to collect animal starting and ending 

body weights immediately before the animals went into the digestion stalls and immediately after 

the animals were removed from the metabolism stalls. While in the metabolism stalls, the 

predetermined ad libitum feed was split into two feedings per day (0700h and 1500h, with equal 

amounts of forage being supplied to each animal in individual feeders. During morning 

collections (0600h), orts were weighed, mixed, and subsampled. Additionally, representative 

subsamples of the basal diet were collected during each replicate and stored at -20 ⁰C until 

chemical analysis could be performed.  

Animals were fitted with three wool-lined collars (dorsal girth, breast collar, and ventral girth), 

and nylon straps were used to retain a fecal collection bag firmly against the hindquarters of the 

animal. The collection bag was replaced each morning and afternoon (0600h AM and 1500h). At 

the time of fecal bag removal, feces were weighed, mixed, and subsampled for every animal. A 

molded rubber shroud was secured to cover the prepuce and sheath of each steer with cotton 

webbing straps. A braided vinyl tube connected to the shroud and to a tapered rubber plug placed 

into the neck of a 10 L carboy containing 100 mL of 6-N HCl (nitrogen preservation). A vacuum 

was created in the carboy, and subsequently the rubber shroud, by a vacuum pump that was 
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connected to the carboy through a second length of braided vinyl tubing. The carboy would be 

replaced every 24 hours (0600h), weighed, mixed, and subsampled.  

Rumen contents were sampled each morning (0600h; via the ruminal cannula), before animals 

were fed. Briefly, a grab sample of digesta from the geometric center of the rumen was obtained 

and the liquid fraction was squeezed into a 10 mL conical tube containing 2 mL of meta-

phosphoric acid. Additionally, pH was recorded from the geometric center of the rumen with a 

waterproof pH meter (Hanna Instruments; Woonsocket, RI). All samples were frozen at -20 °C 

until analyzed for VFA composition. 

Sample Analysis 

The subsamples of basal diet, orts, and feces were transferred to aluminum trays, weighed, 

placed in a 60 ºC drying oven, and re-weighed until the sample weight did not change from the 

previous weight. The starting and ending weights of each sample were used to calculate the 

sample's dry matter percentage. Samples were then immediately in a Wiley mill to fit through a 2 

mm screen, placed in Ziplock bags, and stored until further sample analysis. Ground samples 

were analyzed by Dairy One (Dairy One Cooperative Inc., Ithaca, NY) for crude protein (AOAC 

990.03), acid-detergent fiber (AOAC 973.18), α-amylase-neutral detergent fiber (Van Soest et 

al., 1991), fat (EE; AOAC 954.02), and ash (AOAC 942.05). Additionally, Dairy One utilized 

microwave digestion and ICP-OES to determine concentrations of calcium, phosphorus, 

magnesium, potassium, sodium, iron, zinc, copper, manganese, molybdenum, and sulfur. Total 

nitrogen concentration (N) of urine samples was analyzed using a TL-2800 Analyzer (Timberline 

Instruments, Boulder, CO).  
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Net energy for maintenance and growth was calculated for the basal diet and orts using nutrient 

values from the Dairy One analysis (Lofgreen et al., 1963). Apparent digestion was calculated by 

subtracting the nutrient content of the feces from that of the consumed nutrient (the difference 

between the ort and basal diet nutrient content), then dividing the value by the total intake of a 

given nutrient and multiplying the quotient by 100. Apparent retention of N was calculated by 

subtracting the sum of fecal and urine N from total N intake, then dividing the difference by total 

N intake and multiplying the quotient by 100.  

Conical tubes containing rumen fluid samples were centrifuged for 15 minutes at 1,200 x g. The 

supernatant was then transferred to microcentrifuge tubes, centrifuged for an additional 15 

minutes at 4,200 x g, and the supernatant was transferred to a glass gas chromatography bottle 

and analyzed for VFA as described by Gifford et al. (2021).  

Statistical Methods 

All statistical analyses were conducted in R (version 4.5.1) using a randomized block design with 

a 2 x 2 factorial arrangement of treatments. Animal was considered the experimental unit. 

Nutrient apparent digestion and retention and rumen fermentation characteristics were assessed 

using linear mixed-effect models (lme4 package; Bates et al., 2015), with replicate as the random 

effect. Predictor variables with the lowest AIC value, based on dredge model selection tables 

(MuMIn package; Bartoń, 2025), were included in the model with the stipulation that treatment 

must be included and that other variables must be reasonable. The effect of Bacillus-based DFM, 

Rumensin, and DFM and Rumensin interaction was evaluated using Type 3 Anova (car package; 

Fox and Weisberg, 2019). 
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In an interest to maintain animal welfare standards, if a steer became less ambulatory during 

collections, the animal was removed from the individual pens. Due to this, the number of 

repeated measures differed between animals. Observations were considered outliers and removed 

when they fell more than 1.5 times the interquartile range and, based on established value ranges, 

were biologically unreasonable. Significance of response variables was determined at P ≤ 0.05 

and tendencies between P > 0.05 and ≤ 0.10. 

Results and Discussion 

Nutrient data for CS and GH basal diets are shown in Table 1, and the nutrient data for DDG 

supplements are shown in Table 2. The effect of Bacillus-based DFM, Rumensin, and DFM × 

Rumensin interaction on animal performance consuming a CS and GH diet is presented in Tables 

3 and 4, respectively. Finally, molar proportions of acetic, propionic, and butyric acids are 

summarized in Table 5 for animals consuming CS and GH diets.  

Final Diets 

The crude protein (CP) values for the CS and GH basal diets were 8.73 ± 2.05 and 11.60 ± 1.53, 

respectively (Table 3). These values are above the definition of “low-quality forages,” as they 

exceed 8% CP (NRC, 2016). The digestibility of the feed, and in turn the energy available to the 

animal, can also be used to characterize the quality of a roughage (Leng, 1990). The average 

energy content (NEm) of the CS and GH diets is 0.66 and 0.63 Mcal/kg, respectively. These 

energy values, combined with the average DMI of 7.95 and 10.61 kg/d for the CS and grass hay 

(Tables 2 and 3), would provide estimated energy intakes of 5.25 and 6.68 Mcal/d. The estimated 

requirements of animals weighing an average of 834.52 kg are 6.41 Mcal/d, making the CS and 
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grass hay diets deficient and marginally sufficient, respectively (Lofgreen and Garrett, 1968; 

Garrett, 1980). 

Dry Matter and Fiber Digestibility 

Dry matter, aNDF, and ADF intake did not differ between treatments consuming either the CS or 

GH diets (P > 0.05). The fecal DM, aNDF, and ADF did not differ between treatments 

consuming either the CS or GH diets (P > 0.05). All treatments had similar apparent digestibility 

of dry matter and aNDF when consuming the CS and GH diets (P > 0.05). ADF digestibility was 

greater in the Rumensin treatment when compared to the control treatment for animals 

consuming the CS diet (P < 0.04) but did not differ from the Bacillus-based DFM or DFM and 

Rumensin treatments. Acid detergent fiber digestibility also did not differ between treatments for 

animals consuming the GH diet (P > 0.05). The effect of Rumensin on fiber digestibility is 

similar to papers reviewed by Huntington (1997), in which Rumensin has been reported to have 

inconsistent effects on fiber and DM digestibility of grazing cattle. In contrast to our findings, 

recent research on Bacillus-based DFM product reported greater in situ and total tract 

digestibility (titanium dioxide with rectal sampling) of DM and NDF in cannulated beef cows 

consuming high-fiber diets (Limede et al., 2025). There is, however, limited data on Bacillus-

based DFM products in cattle consuming low-quality roughages. Beneficial effects of 

supplementation could stem from increased production of ruminal enzymes, particularly 

proteolytic and fibrolytic enzymes (Schallmey et al., 2004). 
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Nitrogen Absorption and Retention 

Nitrogen intake, fecal and urinary N excretion, apparent absorption, and apparent retention of N 

did not differ between treatments consuming either the CS or GH diets (P > 0.05). There was a 

tendency for Rumensin to decrease N absorption (P = 0.06) when cattle were consuming corn 

stalk diets. Other research reported 33 pm of Rumensin tended to increase N retention as a 

percent of N intake in yearling steers that were fed concentrate-based diets (Muntifering et al., 

1980). In the current study, all treatments had negative N retention values (% intake), with the 

CS and GH diets averaging -21.7 and -14.7% of total N intake, respectively. Negative N balance 

occurs when fecal and urinary nitrogen excretion exceeds nitrogen intake, which can result from 

energy- and protein-deficient diets (Ørskov et al., 1983). However, the diets provided to the 

animals in this study were sufficient in protein and near-sufficient in energy. The author 

theorizes that these values could be a combination of: 1) mature animals demonstrating greater 

muscle protein catabolism from prolonged inactivity and stress (Paddon-Jones, 2006), 2) the 

supply of dietary N exceeding the animal's requirements for age and activity levels (Waterlow, 

1999), and 3) increased fecal N excretion due to a low dietary energy to protein ratio (Silva et al., 

2019), which can lead to a positive to negative fluctuation of N balance. 

Short Chain Fatty Acid Proportions 

Molar proportions of acetic, propionic, and butyric acids were similar across all treatments for 

cattle consuming the CS diet (P > 0.05). Acetic acid made up a greater proportion in the RB 

treatment than in the B treatment (P < 0.05), and propionic acid made up a lower proportion in 

the RB treatment than in the R or B treatments (P < 0.05) when cattle were consuming the GH 

diet. Because of this, the propionate to acetate ratio was greater in the RB treatment than the R or 
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B treatments (P < 0.05) when cattle were consuming the GH diet but did not differ when animals 

were consuming the corn stalk diet. There was no difference in the molar proportions of acetate, 

butyrate, or propionate in any treatment when compared to the control treatment for both CS and 

GH diets.  

Consistent with the current findings, a recent publication reported that a Bacillus-based DFM had 

no effect on SCFA proportions in beef cattle consuming high-forage diets (Limede et al., 2025). 

While other research investigating a Bacillus-based DFM has demonstrated an increase in molar 

proportions of propionate and a decrease in molar proportions of acetate from Rumensin 

supplementation. Alternatively, Rumensin generally increases molar percent and total 

concentration of propionate (Nagaraja, 1995), often in combination with a reduction in acetate 

production (Richardson et al., 1976). Interestingly, the numerical increases in propionate and 

decreases in acetate proportions for the R and B treatments are not additive when combined in 

the RB treatment for the GH diet; instead, they appear antagonistic, as the combination results in 

decreased propionate and increased acetate proportions. Rumensin is bacteriostatic to many 

gram-positive bacteria, and Bacillus is a gram-positive bacterium, suggesting a potential 

interaction of the treatments. However, a recent publication found that Bacillus licheniformis and 

subtilis remained active throughout a 24 h in vitro incubation with Rumensin at ~107 

mg/animal/day, albeit with a slight delay in growth and a modest reduction in bacterial yield 

(Gresse et al., 2025). 

Conclusions 

The results of the current study indicate that the Bacillus-based DFM supplement does not 

increase fiber digestibility or N retention compared to the control treatment when cattle are 
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consuming CS or GH diets. Additionally, Rumensin increased ADF digestibility of the CS diet 

compared to NC, which differed from the DFM treatment response. Further research is needed to 

compare single-genus DFM products to fed antimicrobial products and negative controls to 

determine the effect size and consistency of response of each. 
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Table 1. Nutrient composition of corn stalks and grass hay diets.  

Item 
 

Corn Stalks  Grass Hay 

DM, %  80.59 ± 5.07  89.90 ± 2.70 

NEm, Mcal/kg  0.66 ± 0.03  0.63 ± 0.02 

NEg, Mcal/kg  0.39 ± 0.03  0.36 ± 0.02 

Crude Protein, %  8.73 ± 2.05  11.60 ± 1.53 

ADF, %  32.50 ± 0.60  33.56 ± 0.91 

aNDF, %  53.03 ± 6.15  58.48 ± 3.73 

Calcium, %  0.35 ± 0.05  0.57 ± 0.12 

Phosphorus, %  0.23 ± 0.06  0.21 ± 0.02 

Magnesium, %  0.24 ± 0.02  0.21 ± 0.02 

Potassium, %  1.49 ± 0.05  2.46 ± 0.17 

Sodium, %  0.04 ± 0.01  0.08 ± 0.03 

Sulfur, %  0.19 ± 0.06  0.25 ± 0.02 

Iron, ppm  530.3 ± 234.8  293.0 ± 97.5 

Zinc, ppm  33.67 ± 5.13  26.8 ± 3.77 

Copper, ppm  6.67 ± 1.53  7.40 ± 1.14 

Manganese, ppm  46.33 ± 1.53  66.60 ± 9.34 

Molybdenum, ppm   1.00 ± 0.20  1.00 ± 0.60 

Abbreviations: DFM, direct-fed microbial; DM, dry matter; NEm, net energy 

for maintenance; NEg, net energy for gain; aNDF, amylase-treated neutral 

detergent fiber; ADF, acid detergent fiber. 
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Table 2. Nutrient composition of DDG treatments. 

DM, %  88.98 ± 1.31 

NEm, Mcal/kg  0.95 ± 0.03 

NEg, Mcal/kg  0.65 ± 0.02 

Crude Protein, %  33.20 ± 3.66 

ADF, %  14.10 ± 0.91 

aNDF, %  38.55 ± 5.17 

Calcium, %  0.04 ± 0.01 

Phosphorus, %  1.11 ± 0.12 

Magnesium, %  0.37 ± 0.03 

Potassium  1.40 ± 0.11 

Sodium, %  0.27 ± 0.23 

Sulfur, %  0.67 ± 0.26 

Iron, ppm  193.25 ± 72.02 

Zinc, ppm  147.75 ± 153.55 

Copper, ppm  6.25 ± 0.96 

Manganese, ppm  19.25 ± 2.50 

Molybdenum, ppm   1.03 ± 0.15 

Supplement formulated to provide 250 mg/steer/day 

Rumensin and/or 3 g/steer/day Bacillus-based DFM. 

Abbreviations: DFM, direct-fed microbial; DM, dry 

matter; NEm, net energy for maintenance; NEg, net 

energy for gain; aNDF, amylase-treated neutral detergent 

fiber; ADF, acid detergent fiber. 
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Table 3. The effect of Rumensin and DFM on apparent fiber digestion and apparent nitrogen absorption and retention in fistulated beef steers consuming a corn stalk diet. 
  No Rumensin  Rumensin   P< 

Item  No DFM DFM  No DFM DFM  SEM R B R×B 

DM Intake, kg/d  7.94 8.36  7.94 7.79  0.91 0.35 0.49 0.72 

Fecal DM, kg/d  3.33 3.43  3.47 3.34  0.33 0.84 0.88 0.33 

DM Digestion, %  57.00 55.60  53.60 57.20  0.05 0.53 0.67 0.32 
            

aNDF            

     Intake, kg/d  3.58 3.49  4.27 3.87  0.74 0.06 0.38 0.57 

     Feces, kg/d  1.77 1.76  1.83 1.81  0.22 0.52 0.83 0.94 

     Apparent Digestibility, % of intake  50.60 47.30  52.40 51.90  0.09 0.35 0.57 0.69 

     Apparent Digestibility, kg/d  1.84 1.70  2.24 1.99  0.68 0.18 0.43 0.82             
ADF            

     Intake, kg/d  1.90 1.98  2.29 2.12  0.54 0.18 0.80 0.53 

     Feces, kg/d  1.02 1.06  1.05 1.05  0.14 0.92 0.70 0.69 

     Apparent Digestibility, % of intake  44.1a 47.20  58.7b 48.30  0.09 0.04 0.31 0.07 

     Apparent Digestibility, kg/d  0.88a 1.00  1.46b 1.05  0.36 0.04 0.32 0.07             
Nitrogen            

     Intake, g/d  162.00 173.00  113.00 137.00  39.06 0.06 0.30 0.77 

     Feces, g/d  64.70 62.10  63.90 62.30  6.03 0.91 0.41 0.86 

     Urine, g/d  91.20 95.40  95.40 90.00  28.51 0.96 0.96 0.74 

     Apparent Absorption, % of intake  57.50 57.70  49.30 48.60  0.12 0.06 0.95 0.92 

     Apparent Absorption, g/d  105.10 104.60  77.40 70.10  54.85 0.14 0.85 0.87 

     Apparent Retention, % of intake  -  14.30 -  16.00  -  30.10 -  26.60  0.34 0.32 0.95 0.84 

     Apparent Retention, g/d  14.97 1.17  -  27.70 -  17.34  56.51 0.17 0.94 0.58 
a,b Means within a row with differing superscripts differ P < 0.05. 

Abbreviations: DFM, direct-fed microbial; DM, dry matter; aNDF, amylase-treated neutral detergent fiber; ADF, acid detergent fiber. 
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Table 4. The effect of Rumensin and DFM on apparent fiber digestion and apparent nitrogen absorption and retention in fistulated beef steers consuming a grass hay 

diet. 

  No Rumensin  Rumensin   P< 

Item  No DFM DFM  No DFM DFM  SEM R B R×B 

DM Intake, kg/d  11.50 10.10  10.40 10.40  1.24 0.48 0.30 0.28 

Fecal DM, kg/d  6.10 5.61  5.78 5.57  0.754 0.63 0.38 0.72 

DM Digestion, %  44.90 43.40  43.70 44.90  0.066 0.78 0.90 0.25 
            

aNDF            

     Intake, kg/d  4.98 4.83  5.03 5.17  0.725 0.46 0.96 0.58 

     Feces, kg/d  2.94 3.11  3.12 3.17  0.497 0.51 0.59 0.74 

     Apparent Digestibility, % of intake  44.20 33.30  37.00 35.50  0.097 0.49 0.10 0.20 

     Apparent Digestibility, kg/d  2.39 1.69  1.94 1.92  0.687 0.67 0.17 0.19 
            

ADF            

     Intake, kg/d  3.18 3.24  3.45 3.43  0.503 0.20 0.89 0.82 

     Feces, kg/d  1.70 1.84  1.88 1.94  0.275 0.29 0.16 0.66 

     Apparent Digestibility, % of intake  47.30 44.00  45.20 44.20  0.089 0.78 0.55 0.73 

     Apparent Digestibility, kg/d  1.61 1.50  1.60 1.55  0.378 0.93 0.60 0.82 
            

Nitrogen            

     Intake, g/d  156.00 145.00  150.00 153.00  14.687 0.88 0.61 0.39 

     Feces, g/d  89.90 91.80  88.20 89.60  15.938 0.75 0.79 0.97 

     Urine, g/d  86.70 89.10  92.00 69.50  13.698 0.32 0.18 0.12 

     Apparent Absorption, % of intake  41.80 35.30  42.40 42.10  0.093 0.27 0.32 0.35 

     Apparent Absorption, g/d  62.90 51.90  63.90 65.60  17.494 0.24 0.46 0.31 

     Apparent Retention, % of intake  - 12.90 - 22.90  - 14.90 -  8.15  0.171 0.31 0.82 0.18 

     Apparent Retention, g/d  - 22.30 - 30.50  - 23.90 - 16.20  24.499 0.48 0.98 0.37 

Abbreviations: DFM, direct-fed microbial; DM, dry matter; aNDF, amylase-treated neutral detergent fiber; ADF, acid detergent fiber. 
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Table 5. The effect of Rumensin and DFM on molar percentage of ruminal short chain fatty acids in fistulated beef steers.  

  No Rumensin  Rumensin  
 P< 

Item  No DFM DFM  No DFM DFM  SEM R B R×B 

Corn Stalk Diet            

     Acetate, %  48.7 52.5  50.2 49.3  2.29 0.44 0.12 0.06 

     Propionate, %  24.0 23.0  23.1 23.4  1.51 0.69 0.58 0.42 

     Butyrate, %  27.3 24.5  26.6 27.3  1.89 0.22 0.17 0.09 

     Acetate:Propionate  2.01 2.34  2.18 2.11  0.25 0.81 0.21 0.14 

Grass Hay Diet            

     Acetate, %  55.9 52.4a  53.3 59.2b  3.55 0.25 0.53 0.02 

     Propionate, %  26.7 28.6a  28.9a 22.7b  2.42 0.13 0.32 < 0.01 

     Butyrate, %  17.8 18.9  17.9 17.7  2.00 0.61 0.72 0.54 

     Acetate:Propionate  2.15 1.9a  1.86a 2.6b  0.31 0.16 0.29 < 0.01 
a,b Means within a row with differing superscripts differ P< 0.05. 

Abbreviations: DFM, direct-fed microbial.  
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CHAPTER 4: CHARACTERIZING THE INFLUENCE OF A BACILLUS DIRECT-FED 

MICROBIAL SUPPLEMENT ON IN VITRO DRY MATTER DISAPPEARANCE OF LOW-

QUALITY ROUGHAGES
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Abstract 

Two in vitro fermentation experiments were used to investigate the impact of Rumensin 

and a Bacillus-based DFM, alone and in combination, on in vitro dry matter disappearance 

and the molar proportions of SCFA. Rumen fluid was collected from steers exposed to four 

treatments: 1) negative control (NC); 2) Bacillus-based DFM (B; 3 g∙animal-1∙d-1); 3) 

Rumensin (R; 250 mg∙animal-1∙d-1/d), and Bacillus-based DFM + Rumensin (BR). 

Collection occurred two hours post-feeding and day 5 of a digestibility experiment. In vitro 

batch culture fermentations were conducted in triplicate using rumen fluid from steers 

exposed to their appropriate dietary treatment for 30 d with ground corn stalks during 

experiment 1 and ground grass hay during experiment 2. In vitro samples were analyzed 

after 0, 12, and 24 hours of incubation. Dry matter disappearance increased with incubation 

time but was not affected by treatment for either forage type. For fermentation corn stalk 

fermentations, R increased molar proportions (P < 0.001) of propionate and decreased (P < 

0.01) the molar proportions of acetate and the acetate:propionate ratio, while B increased (P 

< 0.03) molar proportions of butyrate. When grass hay was used as a substrate, molar 

proportions of butyrate decreased (P < 0.05) in steers receiving R compared to all other 

treatments. Results demonstrate that R alters SCFA fermentation patterns in a forage-

dependent manner, while Bacillus-based DFM selectively increases butyrate production. 

Under the conditions of these experiments, findings suggest differential effects of R and 

DFM on ruminal fermentation, with limited evidence supporting DFM as a direct 

replacement for ionophores. Additional research is warranted to elucidate mechanisms and 

optimize DFM efficacy for livestock production. 
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Introduction 

The ability of Rumensin (R) supplementation to alter fermentation in grazing beef cattle has 

been well defined (Huntington, 1997). Ionophores, including Rumensin, generally decrease 

the proportion of acetate and increase the proportion of propionate by altering the rumen 

microbiome makeup (Marques and Cooke, 2021). These changes can affect average daily 

gain and feed conversion rate (Bretschneider et al., 2008). 

Direct-fed microbials (DFM) are a prevalent antibiotic alternative that may improve feed 

efficiency and animal performance (Wilson and Krehbiel, 2012). Direct-fed microbial (DFM) 

was described as “a live microbial feed supplement which beneficially affects the host animal 

by improving its intestinal microbial balance” by Fuller (1989) and later expanded to include 

rumen development and fermentation (Kmet et al., 1993).  

In vitro fermentation of roughages with Rumensin supplementation (Duff et al., 1995) has 

been reported to increase the molar proportion of propionate relative to negative controls. 

However, there is limited data on the effects of DFM on in vitro SCFA production, with an in 

vivo study reporting no differences in SCFA proportions after 20 h post-feeding of a grass 

hay diet (Limede et al., 2025). DMD was reported to decrease when in vitro fermentation of 

ground prairie hay was treated with 4 µg/ml Rumensin (Duff et al., 1995) but there was no 

effect on in vivo DMD when cattle consuming a TMR that met either 80% or 120% of their 

maintenance requirements were supplemented with 200 mg/d Rumensin (Boardman et al., 

2020). In recent literature, a Bacillus-based DFM treatment increased DMD in vitro after 48 

of incubation (Cappellozza et al., 2023) during in vitro batch culture fermentation. 

There are limited publications on direct comparisons of in vitro fermentation with R and 

DFM treatments on DMD and SCFA production in the current literature. To better 

understand the effects of DFM and the potential for replacing antibiotics such as R, more data 
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are needed. This study aimed to investigate the impact of R and DFM, alone and in 

combination, on fermentation characteristics using on two common roughage sources as in 

vitro substrate. Therefore, the objectives of this study were to: 1) determine if DFM 

supplements affect in vitro DMD and SCFA molar proportions compared to control 

inoculum, and 2) compared to Rumensin. We hypothesize that 1) DFM supplementation will 

increase DMD and propionate molar proportions compared to the control treatment, and 2) 

that DMD will be greater in DFM-treated inoculum, compared to Rumensin treatment, but 

with similar SCFA molar proportions. 

Materials and Methods 

Animals, Diet, and Treatments 

Sixteen crossbred Angus steers (BW 831.0 ± 89.4 kg) fitted with rumen cannulae were 

utilized for a total collection balance trial during a separate experiment (see chapter 3). The 

animals were supplemented in a 2×2 factorial arrangement to treatments: 1) negative control 

[NC], 2) Bacillus-based DFM [B; 3 g/d], 3) Rumensin [R; 250 mg/d], and 4) Bacillus-based 

DFM and Rumensin [BR; 250 mg and 3 g/d]. Animals were fed corn stalks (CS; 8.7% CP; 

0.64 NEm/kg) prior to the first experiment and grass hay (GH; 14.3% CP; 0.66 NEm/kg) 

prior to the second experiment. At the conclusion of the 5-day collection period, steers 

received their respective supplements 2 h before collection (5:30 AM). Rumen fluid of the 

animals consuming the product was used as treatment, instead of introducing the product 

directly to the conical tube. This method was used to assess the effects of changes in the 

microbiome induced by supplementation with the tested products.  

Conical tubes were prepared in triplicate for each of the four treatments across three 

incubation times (0, 12, 24), with an additional blank tube (no added feed) prepared for each. 

The appropriate ground feedstuff was provided from the most recently collected basal feed 
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sample from the balance trial (see chapter 3). Prior to adding feedstuffs, tubes were placed in 

a drying oven (60°C) for 24 hours with the caps removed, weighed, filled with 0.5 g of the 

appropriate ground (in a Wiley mill to fit through a 2 mm screen) feedstuff (cornstalk or grass 

hay), returned to the drying oven for an additional 24 hours, and reweighed. 

One animal from each of the four treatments was randomly selected for rumen fluid 

collection for the current study 2 hours post feeding of their appropriate dietary treatments. A 

grab sample of digesta was obtained (via the ruminal cannula) from the geometric center of 

the rumen, and the liquid fraction (LF) was squeezed into an insulated pre-warmed (39⁰C) 

thermos (approximately 1.5 L per animal). The thermos cap was then tightly secured during 

transport to the laboratory. The rumen fluid sample was then strained through 3 layers of 

cheesecloth and mixed with McDougall’s buffer (MB) at a 2:1 ratio of MB to LF into a large 

beaker on a heat/stirring plate with CO₂ gas pumped into the solution. The medium was 

prepared separately for each treatment. 

In Vitro Fermentation 

Thirty milliliters of the LF and MD mixture was added to each conical tube while under CO₂ 

flow for batch culture in vitro. Conical tubes were immediately capped with rubber stoppers, 

fitted with one-way valves for degassing, and placed in a water bath maintained at 39°C. The 

0 h samples were immediately tested for pH and then centrifuged at 1,200 x g for 10 minutes. 

The supernatant was transferred into 3 ml centrifuge tubes with meta-phosphoric acid at a 1:4 

ratio. The same procedure was repeated for sample collections after either 12 or 24 h of 

incubation. These samples were then frozen at -20 ºC until sample processing. 
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Analytical Procedures 

After pH measurement and supernatant collection, conical tubes were placed in a drying oven 

at 60°C. Samples were weighed daily, and final weights were recorded after two consecutive 

days of equal weight. Dry matter disappearance was calculated as the difference between the 

initial fill weight and the final dry matter content. Supernatant that was collected after 0, 12, 

and 24 h of incubation was thawed and centrifuged for 15 minutes at 4,200 x g. The 

supernatant was then transferred to a gas chromatography vial for SCFA analysis, as 

described by Gifford et al. (2021). 

Statistical Methods 

The following statistical analysis was conducted in R (version 4.5.1). The conical tube was 

considered the experimental unit within a 2×2 factorial arrangement of treatments, with each 

time-by-treatment combination being tested in triplicate. Dry matter disappearance and short-

chain fatty acid molar proportions were assessed using linear regression. Time point and 

treatment were used as predictor variables. If a significant treatment-by-time interaction was 

present, it was included in the linear model. Type 3 Anova was used to evaluate the effects of 

DFM, Rumensin, and DFM × Rumensin interaction. Samples more than 1.5 times the 

interquartile range, and considered biologically unreasonable, were removed from the data 

set. Significance of response variables was determined at P ≤ 0.05 and tendencies between P 

> 0.05 and ≤ 0.10. 
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Results and Discussion 

Dry Matter Disappearance 

There was a significant effect of time on DMD (P < 0.05) for both CS and GH diets. As time 

increased DMD increased. There was no effect of treatment or treatment-by-timepoint 

interactions for DMD (P > 0.05) for both CS and GH diets. Previous research reported a 

reduction in vitro DMD when batch fermentation of a ground mixture of forage and 

concentrates was treated with 5 μM Rumensin (Shen et al., 2017), whereas the current study 

did not observe a difference in DMD between treatments. Duff et al. (1995) also reported a 

decrease in the in vitro DMD of ground prairie hay at 24, 48, and 72 h of incubation, when a 

in vitro batch culture was supplemented with 4 µg/ml Rumensin, but not prior to 24 h. 

Alternatively, in vitro DMD of single roughages (Alfalfa hay, Beet pulp, Buffalo grass, 

Eragrostis hay, Oat hay, Smutsvinger grass) was increased with Bacillus-based DFM 

supplementation at 48 h of incubation but not 24 h, on average (Cappellozza et al., 2023). 

Additionally, a separate study found that DMD increased with DFM supplementation for 8 

tested roughages, including: ryegrass, alfalfa hay, leucaena, corn silage, spinifex, buffel grass, 

mitchell grass, and rhodes grass hay (Pan et al., 2022). 

Short Chain Fatty Acids 

Corn Stalks. The effects of the Rumensin and Bacillus-based DFM treatments on DMD and 

molar proportions of SCFA from rumen fluid obtained from cannulated steers consuming 

corn stalks and each dietary treatment are shown in Table 2. Rumen fluid used for in vitro 

incubations collected from steers receiving Rumensin had lesser molar proportions of acetate 

(P < 0.01) compared to rumen fluid used for in vitro incubations collected from steers not 

supplemented with Rumensin. In vitro fermentation with rumen fluid collected from steers 
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receiving the DFM treatment had greater (P < 0.03) molar proportions of butyrate than rumen 

fluid used for in vitro incubations collected from steers not receiving the DFM treatment. 

There was a significant treatment-by-time interaction for propionate concentrations, where 

molar proportions were greater for in vitro incubations collected from steers receiving 

Rumensin than steers receiving control or DFM treatments at hours 0, 12, and 24, and greater 

than DFM×Rumensin treatment at hour 24 (P < 0.05). There was also a significant treatment-

by-time interaction for the acetate:propionate ratio (P < 0.05), with a lesser ratio for the 

Rumensin treatment than for control or DFM treatments at hours 0, 12, and 24, and less than 

the DFM×Rumensin treatment at hour 24 (P < 0.05). 

Grass Hay. Table 3 describes the effects of Rumensin and the Bacillus-based DFM on DMD 

and molar proportions of SCFA from rumen fluid obtained from cannulated steers consuming 

grass hay and each dietary treatment. There was no treatment-by-time interaction for molar 

proportions of acetate, butyrate, or propionate. Therefore, only main effects are shown in 

Table 2. Molar proportions of acetate, propionate, and the acetate to propionate ratio were 

similar across treatments. Molar proportions of butyrate were lesser (P < 0.05) in rumen fluid 

used for in vitro incubations from cannulated steers receiving Rumensin.  

Previous in vitro batch fermentation research reported that 5 μM Rumensin decreased acetate 

and increased propionate molar proportions after 24 h of incubation of high-roughage TMR 

(Shen et al., 2017), consistent with observations from the corn stalk diet in the current study. 

Additionally, in vitro fermentation of prairie hay resulted in higher propionate proportions 

and a tendency for lower acetate proportions at 24 h with 4 µg/ml Rumensin (Duff et al., 

1995). In vitro fermentation of inoculum from a steer fed wheat silage and concentrate 

resulted in increased propionate and tended to reduced acetic:propionic acid ratio after 8 h of 

incubation with 5 ppm Rumensin (Callaway and Martin, 1997). There is very limited in vitro 
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fermentation data on Bacillus-based DFM and SCFA molar proportions; however, recent in 

vivo research observed no effect of Bacillus-based DFM on SCFA proportions at h 4, 8, 12, 

16, or 20 post-feeding of a grass-mixed hay (Limede et al., 2025). 

Conclusions 

The findings of the current study indicate that R had a significant effect on the molar 

proportion of propionic acid and the acetic:propionic acid ratio for the CS diet, but not the 

GH diet. However, B positively affected the molar proportions of butyrate when rumen fluid 

was obtained from steers receiving B. Additional research is needed to compare the effects of 

Bacillus-based DFM products and ionophores on in vitro DMD and SCFA molar proportions. 
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Tables 

 

 

Table 1. Nutrient composition of corn stalks and grass hay diets.  

Item 
 

Corn Stalks  Grass Hay 

DM, % 
 94.00     92.30 

NEm, Mcal/kg 
 0.64      0.66 

NEg, Mcal/kg 
 0.38      0.39 

Crude Protein, % 
 8.70     14.30 

ADF, % 
 31.10     33.00 

aNDF, % 
 56.50     52.50 

Calcium, % 
 0.44      0.77 

Phosphorus, % 
 0.21      0.18 

Magnesium, % 
 0.24      0.19 

Potassium, % 
 1.49      2.25 

Sodium, % 
 0.06      0.02 

Sulfur, % 
 0.17      0.27 

Iron, ppm 
 881.00    408.00 

Zinc, ppm 
 38.00     27.00 

Copper, ppm 
 8.00      9.00 

Manganese, ppm 
 54.00     71.00 

Molybdenum, ppm   1.10       0.90 

Abbreviations: DM, dry matter; NEm, net energy for maintenance; NEg, net 

energy for gain; aNDF, amylase-treated neutral detergent fiber; ADF, acid 

detergent fiber. 



 

 101 

  

 

 

Table  2. The Effect of Rumensin and Bacillus-Based DFM on Dry Matter Disappearance and Short Chain Fatty Acid Molar Proportions during In Vitro 

Fermentation of Ground Corn Stalks.  

  No Rumensin  Rumensin   P< 

Item  No DFM DFM  No DFM DFM  SEM R B R×B 

DMD, %  17.9 20.5  20.1 21.1  0.043 0.291 0.242 0.595 

Acetate, mmol %  50.9 50.9  48.2 48.0  0.02 0.01 0.988 0.918 

Butyrate, mmol %  20.2 22.2  21.1 22.8  0.017 0.305 0.028 0.8 

Propionate, mmol %*  
      0.006 0.001 0.23 0.093 

     Hour 0  25.9a 25.2a  28.2b 26.1      

     Hour 12  29.4a 29.4a  31.3b 30.1      

     Hour 24  31.2a 25.2a  32.6b 31.3a      

Acetate:Propionate: Ratio*  
      0.096 0.001 0.909 0.158 

     Hour 0  2.12a 2.11a  1.77b 1.95      

     Hour 12  1.7a 1.66 a  1.5b 1.54      

     Hour 24   1.53a 2.02a   1.46b 1.51a           
a,b Means within a row with differing superscripts differ P < 0.05 

*Significant treatment-by-time interactions for: propionate, DFM and DFM×Rumensin; Acetate:Propionate: Ratio, DFM and 
DFM×Rumensin. 
Abbreviations: DFM, direct-fed microbial; DMM, dry matter disappearance. 
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Table 3. The Effect of Rumensin and Bacillus-Based DFM on Dry Matter Disappearance and Short Chain Fatty Acid Molar Proportions 
during In Vitro Fermentation of Ground Grass Hay.  

  No Rumensin  Rumensin   P< 

Item  No DFM DFM  No DFM DFM  SEM R B R×B 

DMD, %  24.4 23.5  25.1 24.1  0.039 0.728 0.653 0.971 
Acetate, mmol %  54.6 54.9  57.1 56.3  0.026 0.067 0.776 0.532 
Butyrate, mmol %  15.4 15.8  13.7 13.7  0.016 0.044 0.618 0.714 
Propionate, mmol %  30.1 29.3  29.3 30.1  0.015 0.287 0.292 0.134 
Acetate:Propionate Ratio  1.85 1.92  1.98 1.93  0.156 0.119 0.366 0.265 

Abbreviations: DFM, direct-fed microbial; DMM, dry matter disappearance. 
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APPENDICES 1: LITERATURE REVIEW OF LIVER ABSCESSES
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Disease Pathology 

Liver abscesses, a bacterial infection of the liver, are part of the ruminitis-acidosis-liver abscess 

complex. This disease complex was first discussed by Jensen et al. (1954B). Fusobacterium 

necrophorum (F. necrophorum) is the commonly isolated bacterium of liver abscess samples 

(Stotz et al., 2021) and is considered the primary etiological agent of the infection. However, 

many liver abscesses are polymicrobial infections with various bacteria present. Another 

commonly isolated bacterium is Trueperella pyogenes (T. pyogenes), isolated from 35% of liver 

abscess samples (Lechtenberg et al., 1988). 

Researchers have observed a high statistical correlation between the presence of liver abscesses 

and gastric lesions (rumenitis; Scanlan and Hathcock, 1983). Rumenitis can be brought about by 

ruminal acidosis when high-concentrate rations are fed (Jensen et al., 1954). This could partially 

explain why liver abscesses are observed in feedlot operations more than in other sectors of the 

beef cattle industry, as animals are readily fed concentrates (Firkins et al., 1985; Rezac et al., 

2014). Cattle fed a high-concentrate diet have elevated lactic acid levels from increased 

microbial fermentation (Elam, 1976). Microbial fermentation of rapidly fermentable 

carbohydrates produces organic acids that accumulate in the rumen, lowering the pH accordingly 

(Cooper et al., 1998). This reduction in rumen pH can induce acidosis. Additionally, elevated 

ruminal concentrations of lactic acid increase the concentration of F. necrophorum as it is the 

primary energy substrate of the bacterium, enabling support of a larger community (Tan et al., 

1994A; Counotte et al., 1981). 
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Bacterial fermentation of concentrates, when fed in large quantities, can result in the 

accumulation of D-lactic acid (Harmon et al., 1985), a microbe-derived isomer of the L-lactic 

acid mammalians produce. Cattle absorb D-lactic Acid from the rumen at a lower rate than L-

lactic acid, resulting in increased ruminal concentrations (Giesecke and Stangassinger, 1977). 

Ironically, gram-negative bacteria, like F. necrophorum, become less prevalent in the rumen 

during acidosis due to their inability to survive in highly acidic environments (Krogh, 1961). 

However, F. necrophorum is found on the ruminal wall in acidotic animals (Narayanan et al., 

1997), which may explain their ability to survive an acidotic event. 

A ruminal pH that drops below 5.6 is commonly used as a reference range for subacute acidosis 

(Cooper et al., 1997). This excessive buildup of acid in the rumen and subsequent decrease in 

ruminal pH causes damage to the ruminal wall, keratinization (ruminal thickening), and lesions 

(Steele et al., 2011). More recent papers have demonstrated the significant correlation of rumen 

thickening with the rumen contents' pH through transabdominal ultrasounds (Fiore et al., 2020). 

This thickening of the ruminal wall is due to keratinization of the ruminal papillae (Černík et al., 

2011), referred to as parakeratosis. Eventually, ruminal lesions form from the irritation of the 

rumen wall, allowing the entry of F. necrophorum and other bacteria into epithelial tissues and 

an infection to develop (Kanoe et al., 1978). Additionally, the presence and severity of rumen 

lesions are correlated with the presence of liver abscesses (Tamate et al., 1973); Jensen et al., 

1954B). 

Jensen et al. (1954A) suggest that a damaged ruminal wall allows F. necrophorum to enter portal 

circulation, which would then deliver the microbes to the liver. Jensen et al. (1954A) and 

Scanlan and Berg (1983) both demonstrated experimental portal delivery of the pathogen to the 
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liver, resulting in abscesses. Narayanan et al. (1997) and Narayanan et al. (1998) used ribotyping 

to compare the DNA of bacteria in the rumen with that of the liver abscess. This data 

demonstrated similarities between the F. necrophorum communities of the rumen wall and liver 

abscesses, and between T. pyogenes in the ruminal contents and liver abscesses, further 

strengthening the hypothesis that there is a connection between the two communities. F. 

necrophorum is an opportunistic pathogen involved in other diseases, like hoof 

infections (Emery et al., 1985). Its success as a pathogen is likely due to the ability of F. 

necrophorum to survive once in circulation or in tissues, specifically, the ability to overcome 

host immune responses (Tan et al., 1992). 

The toxins of F. necrophorum, namely leukotoxin and endotoxic lipopolysaccharide (LPS), 

protect the bacteria from phagocytosis of neutrophils and Kupffer cells (Tan et al., 1996). There 

are two subspecies of Fusobacterium necrophorum, F. necrophorum subsp. necrophorum and F. 

necrophorum subsp. funduliforme, with subsp. necrophorum having greater virulence both in 

terms of the total production of LPS as well as a greater concentration of the primary toxin, Lipid 

A (Inoue et al., 1985). This difference in virology explains why the necrophorum subspecies are 

found in greater concentrations when bacteria are isolated from liver abscesses (Lechtenberg et 

al., 1988). 

As discussed earlier, T. pyogenes are the second most common bacteria found in liver abscesses 

(Tan et al., 1996). In some circumstances, T. pyogenes can increase prevalence, such as from 

10% to 53%, when antibiotics such as Tylosin are used (Nagaraja et al., 1999). In mice, synergy 

was observed between F. necrophorum and T. pyogenes, as the former are aerobic bacteria that 
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can utilize oxygen, create an anaerobic environment, and produce lactate for the anaerobic F. 

necrophorum to use as an energy source (Roberts, 1967; Takeuchi et al., 1983). 

Once bacteria arrive in the liver, they are filtered and trapped in capillaries (Nagaraja and 

Lechtenberg, 2007A). Once in capillaries, the F. necrophorum induces coagulative necrosis 

through LPS and plate aggregation to produce pus-filled capsules and an anaerobic 

environment (Forrester et al., 1985; Brook, 1984). In mice, the progression of an experimentally 

induced infection to an encapsulated abscess takes 3-5 days (Abe et al., 1976). These 

encapsulated abscesses are often seen with the infected, necrotic enter and surrounded by 

macrophages located in an inflammatory zone (Lechtenberg et al., 1988). The release of 

leukotoxin lyses immune cells, like Neutrophils, especially in bovine, as they appear to be more 

susceptible to the toxin than other species (Narayanan et al., 2002). The bacteria in liver abscess 

infections are eventually sterilized, and scar formation occurs for the next 45 to 180 days (Jensen 

et al., 1954). 

Prevalence, Conditions, and Costs 

The prevalence of liver abscesses varies greatly between operations. However, it is most 

common for feedlots to have a prevalence of roughly 10-20% (Rezac et al., 2014). Older data 

suggested 28% of animals that were slaughtered had liver abscesses (Brink et al., 1990). 

However, the rate of liver abscesses increased from 2011 to 2016 (Eastwood et al., 2017). Liver 

abscess rates depend on many factors, including feeding practices, animal type, sex, breed, 

season, and geography (Reinhardt and Hubbert, 2015). 



 

 108 

Regarding feeding practices, roughage inclusion showed a significant decrease in liver abscess 

rate by adding 10% corn silage to a ration that otherwise had no roughage source (P < 

.05) (Firkins et al., 1985). There were fewer liver abscesses for animals receiving roughage in the 

form of whole rice hulls or hay, compared to those that received no additional roughage (12.5% 

and 5% versus 20%, respectively; Harvey et al., 1968). Also, Bartle and Preston (1991) reported 

a numerical, not statistically significant, increase in liver abscess rate when cattle were fed 2% 

versus 10% roughage for days 22 through 84 of being on the feedlot. Additionally, Zinn and 

Plascencia (1996) observed a decrease in the liver abscess rate when animals were fed forage at 

10% alfalfa hay compared to 30% (P < .01). The correlation between high concentrate diets and 

liver abscesses may be due to decreased salivation and less buffering capacity (Bailey, 1961). 

Processing of feedstuffs can also affect liver abscess rates. Diets fed to cattle with unground 

peanut hulls as a roughage source had a decreased liver abscess rate compared to when the same 

quantity was provided as ground hulls (Utley et al., 1973). Additionally, changes in consumption 

patterns due to events such as weather changes and the prolonged interval between 

feedings (Elam, 1976) can induce acidosis and, subsequently, liver abscesses. Beauchemin et al. 

(2001) observed a quadratic reduction in rumen pH values as barley processing increased, where 

a ruminal pH below 5.8 occurred 50% more in cattle receiving finely rolled barley, although not 

statistically significant. 

Liver abscesses cost the livestock industry in three areas: increased liver condemnation, reduced 

feedlot performance, and lesser meat quality (Nagaraja and Lechtenberg, 2007A). Animals that 

had severe (A+) liver abscesses had a lower dressing percentage (P < .0001) and tended to have 

lower ADG (P < .10) and lower feed intakes (P < .10) than animals with healthy livers (Brink et 
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al., 1990). These numbers would directly affect the producer's profitability. Additionally, Fox et 

al. (2009) found that the total days on feed increased, and hot carcass weight decreased in 

naturally fed cattle with liver abscesses compared to those that did not. (Brown and Lawrence, 

2010) reported decreases in the carcass quality grades of cattle with liver abscesses, where there 

were significantly lower dressing percentages, 12th rib subcutaneous fat, and marbling scores. 

Symptoms, Discovery, and Risks 

Liver abscesses are only found at the time of slaughter, as there are rarely any external signs of 

infection. There are rare occasions where liver abscesses can erode the wall of the caudal vena 

cava, causing vena cava thrombosis, as liver abscesses are the primary cause of this 

disease (Braun, 2008). Rubarth (1960) described a scenario where many cows died nearly 

instantaneously without warning, and a few appeared to suffocate prior. 

Many methods for detecting abscesses have been proposed, including ultrasound, which is an 

ideal modality for the liver, and Lechtenberg and Nagaraja (1991) observed changes in 

experimentally induced abscesses. However, both Lechtenberg and Nagaraja (1991), and Liberg 

and Jönsson (1993) note that the limitation is the inability to visualize the left side of the liver 

with this technique. Additionally, there are issues with the close contact between the liver and 

the skin, the overlap of the lung and liver, and adipose tissue obscuring image resolution 

(Nagaraja and Lechtenberg, 2007A). 

Liberg and Jönsson (1993) also attempted to use blood enzymes and proteins to detect liver 

abscesses. There were differences in some blood values; however, the changes in levels did not 

help diagnose the onset of the infection. The use of albumin and cholesterol as blood markers for 



 

 110 

liver abscesses was suggested by Macdonald et al. (2017), as they showed the highest correlation 

among blood parameters before and after slaughter. 

Condition Prevention 

Prevention of liver abscesses has historically relied on direct-fed antimicrobial feed additives, 

such as Tylosin, oxytetracycline, chlortetracycline, and others. The most widely used is 

Tylosin (Reinhardt and Hubbert, 2015). Both Tylosin phosphate and Tylosin urea adduct forms 

have been shown to reduce liver abscesses in feedlot cattle fed high-concentrate diets by 

81.8% (Brown et al., 1973). Ionophores had a limited impact on the prevalence of liver abscesses 

when Tylosin was not included, compared with the combination (14.6% versus 6.3%; Pendlum 

et al., 1978). Tylosin has a significant inhibitory effect on F. necrophorum (Lechtenberg et al., 

1988), even though the bacterium is gram-negative and the intended target for the macrolide 

antibiotic is gram-positive bacteria (Chon et al., 1989). Some research suggests that intermittent 

feeding of Tylosin (1 week on, 2 weeks off) may be as effective as continuous feeding (Müller et 

al., 2018). This data demonstrated no difference in the prevalence of liver abscesses, average 

daily gain, dry matter intake, or feed efficiency between a continuous Tylosin group and an 

intermittent Tylosin group. Additionally, chlortetracycline, another antimicrobial, was shown to 

decrease the rate of liver abscess by 21% compared to Tylosin, which achieved a 66% 

reduction (Brown et al., 1975).  

Antimicrobial alternatives for preventing liver abscesses include vaccination against F. 

necrophorum, T. pyogenes, or the leukotoxin produced by F. necrophorum. Steers were 

experimentally infected with F. necrophorum three weeks after vaccination with high-leukotoxin 

F. necrophorum, with all dosages showing a decrease in liver abscess prevalence compared to the 
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control (Saginala et al., 1997). Additionally, steers given a high dose of an T. pyogenes and F. 

necrophorum vaccine had a decreased liver abscess prevalence by 48.4% compared to 

controls (Jones et al., 2004). Checkley et al. (2005) evaluated the efficacy of an F. necrophorum 

bacterin vaccine and found that when cattle were vaccinated and consuming a grain-based diet, 

the prevalence of having an A or A+ liver abscess decreased from 30% to 24.3%. 

Numerous natural alternatives to vaccines and antibiotics have also been tested. Meyer et al. 

(2009) demonstrated that one of the essential oil treatments numerically decreased liver 

abscesses of all levels of severity, but there were no statistical differences between any of the 

treatments, other than Tylosin. Conversely, a mixture of essential oils intended to reduce liver 

abscesses instead increased the liver abscess rate compared to both Tylosin and the control 

treatment (Pukrop et al., 2019). Antioxidants, such as α-tocopherol (vitamin E), reduced ruminal 

lesions in cattle (Arnold et al., 1992), potentially inhibiting liver abscess formation. 

However, Müller et al. (2018) found no difference in liver abscess rate between a control group 

and a supplemented group receiving both α-tocopherol and crystalline ascorbate (vitamin C) 

antioxidants. 

Yeast supplements have been hypothesized to affect ruminal health by providing nutrients for 

microbes, possibly stimulating the growth of beneficial bacteria (Callaway and Martin, 1997), 

which could, in turn, affect liver abscess rate. However, Huebner et al. (2019) observed no 

difference in the prevalence of liver abscesses between a treatment group receiving yeast 

supplements and a control group in high-concentrate-fed steers. Scott et al. (2017) compared 

heifers fed a yeast treatment to those of a Rumensin, Tylosin, and a direct-fed microbial 

(Lactobacillus and Propionibacterium) treatment, finding that the yeast supplemented group had 
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numerically fewer total liver abscesses. Combination products have also not been shown to 

significantly decrease the liver abscess rate compared with Rumensin and Tylosin 

treatments (Holder et al., 2017). 

Finally, the animal's diet has the largest impact on ruminal health and the prevalence of liver 

abscesses. As discussed in previous sections, roughage inclusion and grain processing have a 

significant impact on acidosis (Nagaraja and Lechtenberg, 2007B) and the rate of liver 

abscesses (Nagaraja and Lechtenberg, 2007A; Reinhardt and Hubbert, 2015). Additionally, 

human errors and inconsistent feeding can drastically impact ruminal health, leading to these 

metabolic diseases (Elam, 1976). 

Future Research Directions 

With Tylosin and other antimicrobials being more closely controlled by the Veterinary Feed 

Directive, and increasing consumer concern about antibiotic resistance, there appears to be 

growing interest in alternatives to these fed antibiotics. Many supplement companies are 

researching and testing natural alternatives that use technologies such as yeast, essential oils, and 

enzymes. This area of supplementation appears to still be in its infancy, and more research is 

needed to further develop efficacious products for the market. The antibiotic alternative that 

appears to have the greatest success is vaccinations, however. Research suggests that it has great 

potential. A simple yet underutilized prevention strategy is to modulate roughage inclusion in the 

rations animals are fed. This research area has data going back decades and can be easily and 

more cost-effectively introduced into an operation. 
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Abstract 

Liver abscesses caused by Fusobacterium necrophorum (Fnn) are a significant production 

disease in feedlot cattle. While Tylosin has been the standard antimicrobial for prevention, 

growing concerns about antimicrobial resistance and consumer perceptions of antibiotic-raised 

beef necessitate exploring alternative interventions. This study aimed to evaluate the efficacy of 

essential oil products in inhibiting F. necrophorum subsp. necrophorum growth compared to 

Tylosin in an in vitro system. A 2×2×6 factorial design was employed, incorporating sodium 

lactate (0 or 100 mM), bacterial inoculation (0 or 1×10⁸ CFU/ml Fnn), and test compounds 

(control, Tylosin 5 μg/ml, and four essential oil preparations). Fnn concentrations were 

determined at 0, 6, 12, and 24 hours using quantitative PCR targeting leukotoxin gene promoter 

regions. A significant three-way interaction among test compound, lactate inclusion, and 

incubation time was observed (P < 0.05). In lactate-limited conditions, Tylosin and essential oils 

reduced Fnn concentrations at 24 hours (P < 0.05). However, when sodium lactate was 

supplemented, no treatments effectively reduced Fnn concentrations (P > 0.05). Essential oils 

show promise, but their effectiveness depends on ruminal lactate concentrations. Further data on 

the practical use of essential oil products to replace Tylan in feedlot cattle is needed. 
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Introduction 

Liver abscesses are a common production disease in feedlot cattle, induced by bacterial 

infections. Fusobacterium necrophorum (F. necrophorum) is considered the primary etiological 

agent of liver abscesses, as it is commonly isolated from liver abscesses and a normal constituent 

of the rumen (Tan et al., 1994). F. necrophorum has two subspecies, namely subsp. 

necrophorum and funduliforme, with the former being the most virulent of the two and most 

frequently isolated from liver abscesses (Okwumabua et al., 1996). 

The feedlot industry has relied on Tylosin, a direct-fed antimicrobial, to prevent liver abscesses 

with well-documented efficacy (Theurer and Amachawadi, 2022). Early research of Tylosin 

decreased liver abscess rates by 66.9% (Brown et al., 1975) and F. necrophorum concentrations 

by 80-90% (Nagaraja et al., 1999). Even though this product is ubiquitous in the feedlot industry, 

with 71.2 % of cattle placed in feedlots receiving Tylosin (USDA, 2013), the liver abscess rate 

reported by Rezac et al. (2014) was roughly 20.6% across 19,229 cattle from Kansas and Texas. 

The annual loss to the cattle industry from these infections, through liver condemnations and 

reductions in animal performance, is estimated to exceed $400 million (Broadway et al., 2024). 

Additionally, with consumers becoming concerned with meat raised with antibiotics (Zhou et al., 

2025) and concerns of antimicrobial resistance (Schwarz et al., 2024), Tylosin use is being 

increasingly scrutinized.  

Despite the continued prevalence of liver abscesses and the scrutiny, there are limited 

alternatives for preventing infection. With limited data available, the current experiment aimed 

to determine the viability of essential oil products for the growth inhibition of F. necrophorum 
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subsp. necrophorum (Fnn). We hypothesized that the addition of essential oil products would 

reduce Fnn growth rate to the same extent as Tylosin. 

Materials and Methods 

This project was completed in conjunction with Kansas State University Veterinary Diagnostic 

Laboratory. Treatments were arranged in a 2×2×6 factorial design. Factors included: 1) sodium 

lactate (0.0 or 100 mM); 2) bacteria (0 or 1×108 CFU/ml of Fnn); and 3) 1 mL of test compound 

[Control (solvent with no additive); Tylosin: 5 μg/ml; Compound A; Compound B; Compound 

C; Compound D]. Tylosin tartrate was mixed with 5% cyclodextrin at a rate of 150 mg/mL to 

prepare stock solution for Tylosin treatment that was added at a rate of 1 mL per 30 mL to reach 

5 mg/mL concentration. Essential oil treatments were provided at the intended concentration for 

1 mL dosage. 

Four abscessed livers underwent bacterial isolation by first sterilizing a scalpel and a hoop with 

an open flame, excising the capsule, collecting a sample from the abscess center with the hoop, 

and streaking the sample onto three agar plates per abscess. After 24 h of anaerobic incubation at 

37 °C, one colony from each blood agar plate was transferred into glass tubes with 10 mL 

anaerobically sterilized Brain Heart Infusion broth (BHI) and capped. Inoculated tubes were 

incubated for approximately 8-12 hours at 37°C. Inoculated BHI tubes were mixed thoroughly, 

and 300 μl of the incubated broth culture was transferred into 10 ml of fresh BHI, vortexed for 5 

seconds, and incubated at 37ºC until the spectrophotometer absorbance (Spectronic 20D+) 

reached 0.4 at 600 nm wavelength.  
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Prior to morning feeding, rumen contents were collected from a steer fitted with a ruminal 

cannula fed a grain-based diet. Rumen fluid was strained through 4 layers of cheesecloth, mixed 

with McDougall’s buffer (1:1 ratio; RFB). RFB was then stored and incubated at 37ºC. Once 

Fnn reached the correct concentration in the BHI broth, 30 ml of RFB was dispensed 

anaerobically into 100 ml serum bottles (n = 3 replicates per treatment) containing the previously 

mentioned test compounds. Then, Fnn inoculum and/or w 60% Na lactate were added to the 

respective bottles. Serum bottles (n = 3 replicates per treatment) were flushed with CO2, closed 

with rubber stoppers, crimped with aluminum seals, and incubated in a shaking water bath at 39 

ºC for 24 h.  

Following each incubation time point (0, 6, 12, and 24), bottles were removed from the water 

bath, gently mixed, and a 3 mL aliquot was collected under a stream of CO2. Bottles were 

resealed and replaced in the shaking water bath. Aliquot was immediately tested for pH, and then 

DNA was extracted by boiling 1 ml of the sample and purifying with a GeneClean Turbo DNA 

extraction kit (MP Biochemicals; Irvine, CA). The concentration of Fnn was determined by 

quantitative PCR targeting the promoter region of the leukotoxin genes, using methods 

previously described by Deters et al. (2024).  

All analyses were conducted using R. The serum bottle was considered the experimental unit. 

Concentrations of Fnn from the serum bottles without Fnn inoculation were used to adjust Fnn 

across all treatments and time points. Growth rate inhibition was assessed using linear 

regression. The linear model included a test compound, incubation time, lactate inclusion, and 

bacteria inclusion as predictor variables for Fnn concentration. The effect of the tested 
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compound was evaluated using Type 3 Anova (car package; Fox and Weisberg, 2019). Reported 

treatment means are estimated means from the emmeans package (Lenth and Piaskowski, 2025). 

Results 

There was a significant three-way interaction between test compound, lactate inclusion, and 

incubation time (P < 0.05). In the absence of lactate, serum bottles containing Tylosin or 

essential oils had lower Fnn concentrations than control at 24h of incubation (P < 0.05; Table 1). 

However, when sodium lactate was added, no treatments had lower Fnn concentrations than 

control at 24 h of incubation (P > 0.05). These data suggest that compounds can reduce Fnn 

concentrations when lactate is limited but are less effective when lactate is elevated, as occurs 

during ruminal acidosis. Previous papers reported that Fnn growth was significantly inhibited by 

the addition of limonene (20 and 100μg/mL) and thymol (100μg/mL), but was unaffected by 

inclusion of eugenol, guaiacol, and vanillin essential oils (Elwakeel et al., 2013). Tylosin has 

previously been reported to significantly decrease F. necrophorum concentrations in vivo 

(Nagaraja et al., 1999) and inhibit F. necrophorum in vitro (Lechtenberg et al., 1998) but did not 

affect ruminal epithelial Fnn concentrations collected at slaughter from abscessed cattle (Abbasi 

et al., 2025). In the current study, the increase in lactate appeared to maintain Fnn growth, which 

could be due to greater access to its primary substrate (Tan et al., 1994). Further investigation is 

warranted to collect additional data on the efficacy and practical use of essential oil products in 

feedlot cattle. 
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Table 

 

Table 1. The Effect of Essential Oil and Tylosin on In Vitro Incubation Growth Rate of Fusobacterium necrophorum subsp. necrophorum.  

 
No Lactate  Lactate 

Hour Control EO-A EO-B EO-C EO-D Tylosin SEM   Control EO-A EO-B EO-C EO-D Tylosin SEM 

0 7.44a 6.81a 7.01a 5.83a 5.80a 7.39a 0.07  7.21a 5.77a 6.54a 6.50a 7.16a 6.99a 0.15 

6 7.45a 5.27bc 7.42a 3.69c 6.81ab 7.73a 0.11  7.93a 5.12b 7.73a 7.76a 8.04a 7.23a 0.25 

12 6.65a 4.99abc 3.87c 3.91c 1.80d 6.01ab 0.55  7.45ab 6.90ab 6.72ab 7.64ab 7.18ab 5.73a 0.2 

24 7.52a 2.56b 2.67b 4.29b 3.16b 3.65b 0.07   5.76ac 6.50ae 6.53acde 8.35d 7.66de 4.41b 0.33 

a,b,c,d,e Means within a row with differing superscripts differ P < 0.05 
         


