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ABSTRACT 

 
Two experiments evaluated the effect of a direct fed microbial (DFM) 

(Bovamine£, Chr. Hansen, Hørsholm, Denmark) on performance and digestion of dairy 

cows. In Experiment 1 (Exp1), 30 multiparous cows (75 + 32 DIM) were assigned to 

one of two treatments fed for 10 weeks, BOV (3 x 109 CFU/d Bovamine£) or CON 

(control, no Bovamine£). In Experiment 2 (Exp2), 6 ruminally cannulated cows (123 + 

129 DIM) were assigned to a crossover design with two 6 week periods with the same 

treatments as Exp1 except that cows were fed a 23.8% starch diet during weeks 1 – 5 of 

each period then abruptly switched to a 31.1% starch diet for week 6.  For both 

experiments, intake and milk yield were measured daily and milk samples were 

collected weekly. In Exp1, fecal grab samples were collected every 6 h on d 7 of week -

1, 1, 2, 4, 6, 8, and 10, fecal consistency was scored, and fecal starch measured in 

composited daily samples. Composites from a subset of 7 cows per treatment were used 

to measure apparent total tract nutrient digestibility. In Exp2, rumen pH was 

continuously recorded during weeks 5 – 6. Rumen in situ digestibility was measured on 

week 5 day 7, week 6 day 1, and week 6 day 7. On those dates, rumen fluid and feces 

were collected every 6 h for rumen VFA, fecal pH, and fecal starch (composited by cow 

within day). Rumen and fecal microbiome samples were collected at one time point on 

these days. In Exp1, treatment did not affect intake, milk yield or composition, fecal 

score or fecal starch. BOV tended to increase starch digestibility compared to CON 

(98.74 vs. 98.46%, P = 0.051), but digestibility of other nutrients was unaffected. In 
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Exp2, intake, milk yield, and milk composition were unaffected when evaluated over 

the entire study. However, during the abrupt switch to the high starch diet, milk fat yield 

was increased for BOV compared to CON (1.39 vs. 1.28 kg/d, P = 0.002) and milk fat 

percentage tended to increase (3.59 vs. 3.42%, P = 0.09). Treatment did not impact 

rumen pH, rumen VFA, in situ digestibility or the rumen and fecal microbiomes. 

Contrary to Exp1, BOV increased fecal starch compared to CON (2.49 vs. 2.03%, P = 

0.02), and this was most evident during the high starch feeding. Overall, Bovamine£ 

modestly improved starch digestibility in Exp1 and increased milk fat during the high 

starch challenge in Exp2.
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Chapter 1 

LITERATURE REVIEW 

 

 
1.1 Dairy Cow Efficiency 

 In today’s market, dairy farmers are struggling with exceptionally low milk 

prices. Many producers are selling out, going out of business, or just breaking even. The 

USDA forecasts the price of milk for 2018 to be $16.20-$16.70 per hundredweight 

(cwt). In order for a dairy farm to be profitable, their annual expenses need to remain 

lower than their income. In most operations, the cost of feed is a producer’s largest cost 

of producing milk. But if farmers are able to raise cows that can utilize feed more 

efficiently, they can increase their profit margin. This means cows will put less feed 

towards maintenance, and more towards production resulting in a higher volume of 

milk per unit of feed. Being able to make cows more efficient will help lower the cost of 

production of milk. In addition, by making the dairy cow more efficient she will also be 

able to better utilize nutrients. Better utilization will result in a decrease of nutrients, 

like nitrogen and phosphorus, back into the environment.  

 There are multiple strategies producers use to raise more efficient dairy cows. 

Recent work by geneticists focuses on breeding cows that are more efficient by 

requiring less food to produce the same volume of milk. This can be possible by 

identifying genetic markers for feed efficiency (VandeHaar, 2014). Being able to breed 

feed efficient cows will allow producers to reduce feed costs without having an impact 

on production. Another way to improve feed efficiency in dairy cows is to provide a 
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ration that is tailored for their stage of production. Throughout lactation dairy cows 

have different nutritional needs to meet energy requirements. If producers can better 

meet their specific requirements by grouping and feeding cows based upon where they 

are in lactation, efficiency can be maximized. Forage quality is also an important factor. 

The higher the quality of forage, the more digestible it is for the dairy cow, which leads 

to increased intake and milk production. The amount of energy cows spend exercising 

can also influence feed efficiency. If cows are required to walk far distances to and from 

the parlor, and to the waterer or feed bunk, they are expending too much energy on 

maintenance and not towards production (Hutjens, 2012). Providing proper barns and 

facilities to limit exercise and maximize comfort can help increase profitability. As 

illustrated above, there are a variety of genetic, nutritional, and management options 

available to help a producer improve dairy herd efficiency. Another nutritional option 

and the focus of this thesis is supplementation of dairy cattle rations with direct fed 

microbials (DFM). 

 

1.2  Direct Fed Microbials (DFM) 

Probiotics in both animal and human food systems are defined as “a live 

microbial feed supplement that may beneficially affect the host animal upon ingestion 

by improving its intestinal microbial balance” (Fuller, 1989). A DFM has a broader 

definition defined by the United States Food and Drug Administration as “a source of 

live, naturally occurring microorganisms.” The concoction of the live organism cultures 

used in DFMs should beneficially affect the host. The idea is to establish a healthy and 
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desirable gut microflora, and to prevent the colonization of enteric pathogens. 

Microorganisms used as DFMs in ruminants consist of viable fungi and bacterial 

cultures. These DFMs target the rumen where they must be able to actively survive the 

environment. For this reason, research is limited to a few genera. Feeding DFMs to 

ruminants can potentially decrease methane production, reduce feed protein 

degradation, and improve carbohydrate fermentation and fiber digestibility (Jouany and 

Morgavi, 2007; Chaucheyras-Durand and Durand, 2010). 

While certain yeasts and aerobic fungi can be found within the rumen, they are 

usually nonfunctional and found in small numbers (Brown and Nagaraja, 2009). Despite 

this, benefits have been observed from supplementing cattle diets include yeasts and 

molds, like Saccharomyces cerevisiae and Aspergillus niger respectively. Feeding 

fungal DFM increases the concentration of rumen bacteria and aids in the stimulation of 

fiber digesting and lactate utilizing bacteria. It is still unknown how yeasts are able to 

stimulate microbial growth, but it is theorized that they provide micronutrients to the 

indigenous rumen microbes (Brown and Nagaraja, 2009). They have also been shown to 

increase propionic acid and decrease lactic acid concentrations (Newbold et al., 1995). 

When the production of lactic acid increases, ruminal pH drops. At low pH other 

bacteria in the rumen environment experience suppressed growth (Russell & Hino, 

1985). Excessive accumulation of lactic acid also leads to deceased appetite, sickness, 

and in severe cases death of the animal. Therefore, decreasing lactic acid concentration 

makes for a more favorable rumen environment. 
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Bacterial DFMs are frequently composed of lactic acid producing bacteria 

and/or lactic acid utilizing bacteria. These usually include Lactobacillus, 

Propionibacterium, Bacillus, Bifidobacterium, and Enterococcus species (Elghandour et 

al., 2015). Some DFMs have been shown to be beneficial by increasing daily gain and 

feed efficiency in feedlot cattle, enhancing milk production in dairy cows, and improve 

health and performance in young calves (Uyeno et al., 2015).  

  

Ruminal Effects 

The price dairy farmers receive for their milk is based upon the amount of fat 

and protein that comprise the milk that they are producing. These components 

determine the value of the milk. DFMs may have an economic benefit by enhancing 

ruminal fermentation to have an effect on milk composition. Milk protein is synthesized 

in the mammary gland from amino acids and makes up 3-4% of the milk composition. 

Therefore, an adequate amount of amino acids should be supplied to the dairy cow 

(Rehberger et al., 2008). During intestinal digestion dietary proteins are broken down to 

amino acids that are absorbed into the body. Rumen microorganisms are also able to 

degrade carbohydrates provided by the diet into volatile fatty acids (VFAs) which 

provide energy for the cow (Uyeno et al., 2015). Ruminal VFAs affect fat and protein 

concentrations in milk. For example, increasing propionate production increases protein 

concentration, and increasing acetate production increases fat concentration (Rehberger 

et al., 2008). High producing, early lactation, dairy cows are typically in a negative 

energy balance where they are unable to consume enough feed to meet their energy 
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requirements. Energy balance can be positive or negative and is defined as the 

difference between the amount of energy that is consumed by the animal and the 

amount of energy which that animal expends. Providing a proper diet to meet the dairy 

cow’s energy requirements is essential to maintain a healthy and functional rumen 

which is directly related to the production and the profit of the dairy farmer. 

When including DFMs into dairy cow rations it is important to consider the 

already present microbial population of the host. This indigenous population has already 

adapted to the gastrointestinal tract (GIT) environment in a symbiotic relationship 

between themselves and the animal, creating a delicate balance that if disturbed can 

cause illness to the host. An example is subacute ruminal acidosis (SARA) which is a 

common health problem in cattle caused by dysfunction within the rumen. This occurs 

when there is an accumulation of VFAs in the rumen and pH falls below 5.8 (Kleen et 

al., 2003). Khafipour et al. (2011) reported that dairy cows under SARA conditions 

harbored increased numbers of virulence Escherichia coli in the rumen, which leads to 

illness of the animal. Another important consideration when choosing to feed a DFM is 

any ingested microbes provided need to be able to adapt to the rumen environment. The 

microorganisms have to be able to inhabit a suitable niche in order to exert beneficial 

effects on the health of the host. In cattle these niches may include the rumen 

epithelium, rumen fluid, or on fibrous feedstuffs (Uyeno et al., 2015). 

In order for a bacterial DFM to be effective the bacteria being fed need to meet 

several key criteria. The strain needs to be safe, survive the gut environment, be specific 

to the host, and show genetic stability (Holzapfel et al., 1998). The mode of action 
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which DFMs work is still debated by researchers. Mechanisms depend on the product 

that is fed, and the amount and frequency of feeding (Elghandour et al., 2015). In cattle, 

there is little work on investigating the mode of action of bacterial DFM and their 

ability to colonize the rumen and/or intestines. 

Seo et al. (2010) propose several different modes of action for DFMs in the 

rumen. Four common mechanisms for lactic acid producing bacteria include: providing 

a constant lactic acid supply, adaptation of the microflora to the accumulation of lactic 

acid, stimulate lactate utilizing bacteria, and the stabilization of ruminal pH. Lactic acid 

utilizing bacteria have five modes of action: conversion of lactate to VFA, production of 

propionic acid, increased feed efficiency, decreased methane production, and increased 

ruminal pH. Lactic acid producing bacteria are able to provide a steady and low 

concentration of lactate in the rumen which constantly stimulates lactic acid utilizing 

bacteria. The lactic acid utilizing bacteria prevent the accumulation of lactate in the 

rumen reducing the risk for acidosis (Nocek et al., 2002). 

 

Intestinal Effects 

 Most studies on feeding bacterial DFMs to ruminants primarily focus on their 

effects in the rumen and different fermentation parameters. But there may be some 

beneficial effects that DFMs have on the post ruminal GIT. Some groups state that in 

general, bacterial DFM should have more of an impact in the lower gut, and fungal 

DFM more in the rumen (Brown and Nagaraja, 2009). Seo et al. (2010) propose the 
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following modes of action which bacterial DFM have the potential to be beneficial in 

the intestines of ruminants. 

(1) Produce antibacterial compounds such as acids, bacteriocins and 

antibiotics. Lactic acid bacteria can produce hydrogen peroxide that can oxidize 

bacterial cells (Dicks and Botes, 2010), blocking glycolysis (Carlsson et al., 1983), 

which has been shown to inhibit Staphylococcus aureus and Pseudomonas species 

(Holzapfel et al., 1995). Silva et al. (1987) has also shown that a Lactobacillus isolated 

from humans was able to produce antimicrobial compounds that reduced the growth of 

Staphylococcus, Streptococcus, and Pseudomonas species in vitro. (2) Compete with 

pathogens for nutrients and/or colonization sites in the mucosa. Bacterial DFM can 

outcompete pathogens for adherence sites in the gut to help prevent illness of the host. 

Attachment of beneficial bacteria in a specific niche also allows proliferation of the 

organism. Lactic acid producing bacteria have been shown to protect mice from the 

colonization of Salmonella by adhering to the intestinal tract (Frizzo et al., 2010). Lee et 

al. (2003) reported that supplementing Lactobacillus to humans limited the ability of 

pathogens to attach to intestinal epithelial cells. (3) Produce or stimulate the production 

of enzymes. Jejunal enterocytes can increase enzyme activity and production with the 

inclusion of a DFM (Chichlowski et al., 2007). (4) Stimulate an immune response by the 

host. When DFMs are administered to the GIT they are taken up by intestinal epithelial 

cells by transcytosis. They are engulfed by antigen presenting cells, macrophages or 

dendritic cells which stimulates an immune response (Dicks and Botes, 2010). Some 

lactic acid producing bacteria strains have been shown to initiate an immune response 
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by activating macrophages to produce cytokines (Miettinen et al., 1996; Matsuguchi et 

al., 2003). Previous work feeding DFM to ruminants has primarily focused on their 

effects in the rumen and not in the intestines. But studies in poultry, mice, and humans 

suggest that DFM may have beneficial effects in the intestines of ruminants if these 

products are able to survive and make it through the rumen environment. 

 

1.3  Lactobacillus acidophilus & Propionibacterium freudenreichii 

 Lactobacillus acidophilus is a gram-positive rod-shaped facultative anaerobe 

and is homofermentive (Axelsson, 2004). The only byproduct it forms from 

fermentation is lactic acid (Kullen and Klaenhammer, 1999). During glycolysis, 

pyruvate is reduced to lactic acid by NAD+ dependent lactate dehydrogenase (Axelsson, 

2004). The rumen is a perfect environment for L. acidophilus to thrive since these 

bacteria prefer optimal temperatures from 37 – 42ºC and a pH of 5.5 – 6.0 (Altermann 

et al., 2005). Lactic acid production and utilization within the rumen positively 

correlates with feed efficiency and animal health (Seo et al., 2010). For example, it has 

been shown that L. acidophilus may decrease the risk of SARA. In a study by Huffman 

et al. (1992) L. acidophilus reduced the amount of time that ruminal pH was below 6.0 

in steers switched to a high concentrate diet. It is also suggested that L. acidophilus 

causes other microorganisms in the rumen to adapt to the presence of lactic acid 

(Krehbiel et al., 2003). If lactic acid utilizing bacteria are constantly being stimulated, 

the total lactic acid available in the rumen and total ruminal acidity would decrease 

(Nocek et al., 2000). In turn, pH would remain stable creating an environment for 
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optimal feed efficiency. The concept of feeding a lactic acid producing DFM to cattle in 

order to maintain that constant lactic acid supply is difficult to believe when the rumen 

is already colonized with many lactic acid producing bacteria. But there is evidence to 

support the reduced risk of ruminal acidosis when feeding lactic acid producing bacteria 

(Ghorbani et al., 2002; Nocek and Kautz, 2006; Oetzel et al., 2007). Lactobacillus 

species have also shown to have an inhibitory effect against pathogens that may be in 

the rumen by producing antimicrobial bacterial proteins (Krehbiel et al., 2003). L. 

acidophilus demonstrates the ability to be antagonistic towards pathogenic Escherichia 

coli, Salmonella typhimurium, Staphylococcus aureus, and Clostridium perfringes, 

likely by decreasing pH (Gilliland and Speck, 1977). L. acidophilus has been shown to 

be able to survive and colonize the gastrointestinal tract (Kullen and Klaenhammer, 

1999). Therefore, Lactobacillus species may have a beneficial effect past the rumen if 

they can withstand the rumen environment and pass into the intestines. 

Propionibacterium freudenreichii is a gram-positive obligate anaerobe. 

Propionibacterium are naturally found in the rumen and produce propionic and acetic 

acid, two of the three major VFAs used as energy by the cow (Oshio et al., 1987). 

Various strains of Propionibacterium are able to affect ruminal fermentation by 

increasing molar proportions of ruminal propionate (Kim et al., 2000; Stein et al., 

2006). 3 moles of lactate are converted to 2 moles of propionate, 1 mole of acetate, 1 

mole of CO2, and 1 mole of H2O (Piveteau, 1999). Propionate is the main compound 

which is produced by Propionibacterium via the reduction of pyruvate. This involved 

several reactions; first oxaloacetate is formed by transcarboxylation. Oxaloacetate is 



 10 

then reduced to succinate which is converted to propionate by methylmalonyl-CoA 

intermediates. Methylmalonyl-CoA is regenerated and can react with a new molecule of 

pyruvate continuing the cycle (Piveteau, 1999). 

Propionibacterium are able to utilize lactate to help stabilize the rumen 

environment as described earlier. In a study done in sheep by Mackie et al. (1978) they 

observed that Propionibacterium accounted for 40-50% of the lactate utilizers when the 

animals were switched to a high concentrate diet. This was true even though the 

population number of Propionibacterium were very low, indicating that 

supplementation with this organism may help increase lactate utilization and propionate 

production in the rumen when feeding a high concentrate diet. Therefore, feeding 

Propionibacterium may help prevent the risk of acidosis by utilizing lactate, decreasing 

the amount of lactic acid in the rumen. 

Supplementing both of these organisms in a DFM together may have a 

symbiotic effect on the dairy cow. Since Propionibacterium is a lactate utilizing 

bacteria, feeding in combination with a lactic acid producing bacteria can help avoid the 

accumulation of ruminal lactate (Stein et al., 2006). Also, when more lactate is available 

for Propionibacterium to utilize, propionate production increases inhibiting methane 

production by reducing the amount of hydrogen available. This aids in improving 

energy efficiency in the rumen (Krehbiel et al., 2003). McCowen et al. (1978) and 

Cheng et al. (1979a,b) found that Lactobacillus and Propionibacterium bacteria 

attached to the rumen wall of cattle. This infers that when feeding these organisms as 

DFMs, they may colonize on the rumen epithelial wall. In cattle, it is estimated that 1 – 
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2% of the total bacterial population resides on the rumen epithelium (Russell et al. 

2002). 

BovamineⓇ is a commercially available DFM product of Chr. Hansen 

(Hørsholm, Denmark) and is a combination of these two bacteria, Lactobacillus 

acidophilus strain LA51, and Propionibacterium freudenreichii strain NP24. More 

specifically, the product fed is manufactured specifically for dairy cattle and is 

marketed as Bovamine DairyⓇ. Studies specifically looking at BovamineⓇ in dairy cow 

diets are limited, but this product has the potential to beneficially impact animal 

performance by improving energy efficiency within the rumen. 

 

1.4  GI Microbial Structure of Cattle 

 The GIT in any species is populated with a diverse microbial community that 

has an impact on energy efficiency in the host. Being ruminants, dairy cows have an 

enlarged foregut, the reticulorumen, where different microbial species are able to digest 

feedstuffs by anaerobic fermentation before entering the absorptive regions of the GIT 

(Russell, 2002). The digestion of plant polymers is very important in herbivorous 

animals. Ruminants are dependent on the microbial degradation of their feed to turn the 

polysaccharides provided by the diet, that cannot be digested by the host, into end 

products that are used as energy (Uyeno et al., 2015). 

In mammals, most of the GIT bacterial community consists of two main phyla, 

Bacteroidetes and Firmicutes (Abnous et al., 2009). In cattle, the main GIT bacterial 

groups have been identified at the Genus level for up to 90% of the total community 
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(Uyeno et al., 2010). That leaves the remaining microbial population to still be 

unknown. The rumen is colonized with prokaryotes, protozoa, fungi and methanogenic 

archaea, but the bacterial population is most commonly studied as they are the most 

diverse group and represent more than half of the biomass (Martin, 1994). The 

development of high-throughput sequencing (HTS) techniques allow researchers to 

better understand microbial populations. With shorter run times and reduced cost, HTS 

allows users to quantify and identify microbial communities. Specifically, 16S rRNA 

gene sequencing has been used to better understand ruminal bacterial diversity 

(Whitford et al., 1998; Tajima et al., 1999; Kocherginskaya et al., 2002). 

Proteins, vitamins, and short chain organic fatty acids are provided for the host 

by the microorganisms that inhabit the rumen. However, environmental factors have the 

ability to strongly influence and alter the composition and function of the rumen 

microbiota (Zoetendal et al., 2004). These factors could include stressors experienced 

by the animal such as heat stress and calving. As well as management influences like 

diet composition, feeding practices, and so on. For example, the transition period is a 

critical phase in a cow’s life. The amount of physiological stress she is under entering 

lactation increases the incidence of metabolic disorders (Drackley, 1999). In addition, 

the diet changes from a high forage-based ration to a high concentrate-based ration 

which predisposes the cows to SARA (Fairfield et al., 2007). Feeding a DFM may be a 

strategy to stabilize the rumen response to these factors. 
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1.5  Effects of Supplementation with DFM on the Performance of Lactating 

Dairy Cows 

 

BovamineⓇ 

A study by Boyd et al. (2011) showed the inclusion of BovamineⓇ in dairy cow 

rations increased milk and protein yield but showed no differences in dry matter intake 

(DMI). BovamineⓇ supplementation also increased energy corrected milk (ECM) but 

did not affect energy efficiency. ECM is a value used to standardize production values 

to compare production across different cows, different dairies, and so on. Similarly, 

West and Bernard (2011) reported an increase in milk yield when supplementing 

BovamineⓇ without affecting DMI. Milk yield increasing while not affecting DMI 

suggests that rumen function was improved. O’Neil et al. (2014) reported that 

BovamineⓇ decreased DMI without affecting milk or ECM production, resulting in an 

improvement in milk production efficiency and ECM production efficiency. Ferraretto 

and Shaver (2015) observed a trend for DMI to be lower in cows receiving the 

BovamineⓇ treatment and reported no differences in milk yield, milk fat and protein. 

Collectively, these studies suggest that BovamineⓇ improves productive efficiency, 

either through increasing milk yield without increasing DMI or through decreasing DMI 

while maintaining milk yield.   

In addition, the effect of these bacteria on digestibility and ruminal VFAs have 

been studied. Boyd et al. (2011) observed that supplementing BovamineⓇ improved 
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apparent digestibility of CP, NDF and ADF. Ferraretto and Shaver (2015) evaluated 

total tract starch digestibility and reported no difference in BovamineⓇ compared to 

control cows. Total ruminal VFAs in cows supplemented with BovamineⓇ increased in 

a study by Osman et al. (2012). The ability of these bacteria to improve digestibility and 

beneficially alter VFA balance in the rumen is critical when trying to improve feed 

efficiency. Overall, studies focused on feeding BovamineⓇ to dairy cows have varied 

results on performance measures. 

 

Lactobacillus acidophilus LA747 & Propionibacterium freudenreichii PF24 

In a study by Raeth-Knight et al. (2007), they used the same bacteria that 

comprises BovamineⓇ but different strains. They found no change in DMI or milk yield 

between control and DFM supplemented cows. In addition, supplementing DFM to mid-

lactation dairy cows had no effect on apparent total tract digestibility of DM, NDF, CP, 

and starch. They did observe a trend for increased ruminal propionate concentration in 

DFM supplemented cows but did not observe a significant difference in total VFA 

concentration. 

 

Propionibacterium 

Weiss et al. (2008) conducted a study using a Propionibacterium strain and 

observed that cows with the DFM treatment had lower DMI, resulting in an increase in 

the efficiency of converting DM to milk yield. They suggest this is due to decreased 

acetate and increased propionate levels in the rumen improving fermentation. Francisco 
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et al. (2002) supplemented a Propionibacterium culture to early lactation cows and 

reported that DM consumption also decreased while milk yields were similar between 

the control and treatment groups. Stein et al. (2006) reported that when feeding 

Propionibacterium ruminal propionate concentrations increased. Being a lactate 

utilizing bacteria, Propionibacterium strains have the potential to improve the ruminal 

environment when included in dairy cow rations. 

 

Other Organisms 

 Other microorganisms besides the bacteria that comprise BovamineⓇ have been 

studied as DFM supplements in dairy cow diets. For example, Sun et al. (2012) found 

no improvement in DMI but supplementing Bacillus subtilis improved milk 

composition and yield. Cows supplemented with Bacillus subtilis were able to utilize 

more nutrients on the same amount of feed which increased production efficiency. They 

also found including this DFM promoted the growth of total ruminal bacteria. Peng et 

al. (2012) reported an increase in ruminal propionate concentrations when feeding a 

Bacillus subtilis DFM. These results indicate that Bacillus subtilis has the potential to 

be used beneficially as a DFM in dairy cow diets. 

Nocek et al. (2003) fed transition cows a DFM consisting of two Enterococcus 

faecium strains. Postpartum, the DFM supplemented cows had increased DMI, milk 

yield, and milk protein content compared to control cows. Another study by Nocek and 

Kautz (2006) found similar results where cows supplemented with DFM had increased 

DMI and milk yield but found no difference in milk protein percent or yield. AlZahal et 
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al. (2014) supplemented a DFM consisting of both Enterococcus faecium and 

Saccharomyces cerevisiae and reported no differences in DMI, milk yield, milk fat and 

protein between treatment and control cows. AlZahal et al. (2014) also observed that 

cows supplemented with a DFM had lower fecal starch content but showed no 

difference in NDF digestibility. 

 

1.6 Summary 

 In dairy operations the largest cost of producing milk is the cost of feed. If dairy 

farmers are able to raise more efficient cows, that produce more milk per unit of feed, 

they can improve their profitability. Supplementing a DFM into the dairy cow diet can 

assist in improving efficiency. BovamineⓇ is a DFM that consists of two bacteria, 

Lactobacillus acidophilus and Propionibacterium freudenreichii. P. freudenreichi is 

able to utilize lactate produced by L. acidophilus to produce propionate, a precursor for 

glucose synthesis. Increasing propionate production should increase the energy 

available for the cow. If the dairy cow has more energy to put towards production, 

efficiency should increase. 

The results of including a DFM in dairy cow diets to improve lactation 

performance or efficiency are still varied throughout the literature. There is still much 

debate on dosage, feeding time and frequency, and the strains used since there are many 

factors that influence how an animal will respond to DFM supplementation. Conflicting 

findings suggest that further research is necessary to develop a better understanding of 

how DFMs work and which strains elicit a response in vivo. 
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Chapter 2 

OBJECTIVES 

 
The DFM Bovamine� produced by Chr. Hansen is designed to improve 

digestive efficiency in dairy cattle. In Experiment 1, cows were fed their respective 

treatments, BOV or CON, for a 10-week period. Cows on the BOV treatment were 

supplemented with BovamineⓇ as a twice daily topdress. BovamineⓇ (1.5×109 

CFU/feeding, 3×109 CFU/head/d, 28 g/head/d) was mixed with a ground corn grain 

carrier (100 g/feeding, 200 g/d).  Cows on the CON treatment received 100 g corn grain 

at each time as well as 14 g of a 50/50 mixture of dried distiller’s grains and calcium 

carbonate. Samples were taken throughout the experiment to observe both short and 

long-term benefits of supplementing Bovamine� in dairy cow rations. In this 

experiment we evaluated the effect of Bovamine� on milk production, total tract 

nutrient digestibility, and feed efficiency of early lactation dairy cows.  

Experiment 2 evaluated the potential for Bovamine� to stabilize the rumen 

environment during an abrupt diet change to a high starch ration. This was done to 

observe if feeding Bovamine� could compensate for any undesirable effects due to 

errors in feeding that may occur on a dairy farm. This experiment was carried out as a 

crossover design with two 6-week periods, where cows were assigned the BOV or CON 

treatment for the first period and switched to the opposite treatment for the second 

period. Throughout the first 5 weeks of each period cows were fed a standard lactating 

cow ration that contained 23.8% starch. During week 6 of each period all cows were 
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challenged with an abrupt ration shift that contained 31.1% starch. Rumen and fecal 

samples were taken to observe any reduced changes in rumen pH, rumen VFA, rumen 

in situ digestibility, microbial composition, and fecal starch of cows on the Bovamine� 

treatment compared to control cows. 
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Chapter 3 

EXPERIMENT 1: EFFECT OF BOVAMINEⓇ ON PERFORMANCE AND 
NUTRIENT DIGESTIBILITY IN HIGH PRODUCING, EARLY LACTATION 

HOLSTEIN COWS. 

 
3.1 Introduction 

When fed to dairy cattle DFMs may help to improve feed efficiency. This would 

allow producers to supplement a DFM in their rations to reduce the amount of feed per 

unit of milk produced, improving the efficiency of the animals. This is economically 

beneficial to dairy farmers in order to increase production income relative to feed costs. 

Frequently, bacterial DFMs consist of a lactic acid producing bacteria fed in 

combination with a lactic acid utilizing bacteria, two of these commonly being 

Lactobacillus and Propionibacterium species. For example, Lactobacillus acidophilus 

produces lactic acid and Propionibacterium freudenreichii utilizes the lactic acid 

producing propionate. Since propionate is a major VFA that the cow uses for energy, 

increasing the production of propionate should increase the amount of energy available 

to the animal which she can then put towards production (Kim et al., 2000). Previous 

work on feeding these two bacteria has had variable results on productive efficiency. 

Feeding these DFMs have increased production (Nocek et al., 2003; Boyd et al., 2011; 

West and Bernard, 2011; Sun et al., 2012), decreased DMI (Francisco et al., 2002; 

Weiss et al., 2008; O’Neil et al., 2014), a combination of both (Nocek and Kautz, 2006), 

or neither (Raeth-Knight et al., 2007; AlZahal et al., 2014). These changes have resulted 

in an increase in productive efficiency in some studies (West and Bernard, 2011; O’Neil 

et al., 2014) but not others (Nocek and Kautz., 2006; Raeth-Knight et al., 2007; Boyd et 
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al., 2011; Osman et al., 2012, Ferraretto and Shaver, 2015). While some have shown 

increased performance or productive efficiency when feeding DFMs, results are still 

inconsistent. 

It is suggested that DFMs are able to modify rumen microbial populations and 

alter rumen fermentation profiles to improve diet digestibility (Yoon and Stern, 1995; 

Krehbiel et al., 2003). But the effect of L. acidophilus and P. freudenreichii on nutrient 

digestibility has not been extensively studied. A study by Boyd et al. (2011) showed 

that supplementing these bacteria to dairy cows improved apparent digestibility of CP, 

NDF and ADF, but did not affect DM digestibility. In contrast, Ferraretto and Shaver 

(2015) and Raeth-Knight et al. (2007) reported no difference on apparent DM, NDF, 

CP, and starch digestibility. Therefore, it is difficult to determine if DFMs help improve 

nutrient digestibility since findings have been inconsistent and the mechanisms are still 

unknown. 

Bovamine� is a commercially available DFM produced by Chr. Hansen that 

consists of two bacteria that symbiotically work with each other, a lactic acid producing 

bacteria Lactobacillus acidophilus strain LA51, and a lactate utilizing bacteria 

Propionibacterium freudenreichii strain NP24. In this first experiment we hypothesized 

that supplementing Bovamine� to early lactation dairy cows would increase feed 

efficiency as would be evidenced by increased milk yield, reduced intake with 

maintained milk yield, and/or increased nutrient digestibility as compared to 

unsupplemented cows. 
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3.2  Materials & Methods 

Animals, treatments, and rations. 

 Thirty early lactation multiparous Holstein dairy cows were housed in a 30-cow 

deep sand bedded freestall barn and fed using individual Calan gates. At the start of the 

trial, mean (± SD) days in milk were 75 (± 32) and milk yield was 49 (± 6) kg/d. Cows 

were fed once daily (~0800 h) for ad-libitum intake and refusals were removed and 

weighed daily for measurement of daily intake. Cows were milked twice daily (~0430 

and 1600 h) with milk weights recorded at each milking. Cows were weighed monthly 

on two consecutive days. 

  The experiment was conducted over 12 weeks, with a 2-week baseline period 

followed by a 10-week experimental period. During the baseline period, all cows were 

fed a total mixed ration without DFM (Table 1). At the end of the baseline period, cows 

were blocked by production and days in milk and randomly assigned to one of two 

treatments according to a randomized block design. During the treatment period, cows 

on CON treatment continued to be fed the ration without DFM while cows on the BOV 

treatment received the same ration but supplemented with BovamineⓇ (3×109 

CFU/head/d). Cows remained on their respective ration until the completion of the 10-

week experimental period. 

Cows on the BOV treatment were supplemented with BovamineⓇ as a twice 

daily topdress given ~8 am and 5 pm. BovamineⓇ (1.5×109 CFU/feeding, 3×109 

CFU/head/d, 28 g/head/d) was mixed with a ground corn grain carrier (100 g/feeding, 

200 g/d).  Cows on the CON treatment received 100 g corn grain at each time as well as 
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14 g of a 50/50 mixture of dried distiller’s grains and calcium carbonate.  Topdress 

treatments were prepared once weekly in the lab by weighing the corn grain and 

BovamineⓇ or corn grain and distillers grains/calcium carbonate into individual bags 

labeled with each cow number (14 bags per cow per week, with one bag for each cow 

for each am and pm feeding). 

 

Milk sampling, feed sampling, and efficiency calculations. 

Milk samples (720 total) were collected at both milkings on a consistent day 

each week and were analyzed for lactose, protein, fat, SCC and MUN by NIR using a 

Milkoscan System 4000 (Dairy One, Ithaca, NY). Energy corrected milk (ECM) was 

calculated as (0.327 * milk lbs.) + (12.97 * fat lbs.) + (7.21 * protein lbs). 3.5% fat 

corrected milk (3.5FCM) was calculated as (0.432 * milk lbs.) + (16.216 * fat lbs.). 

Feed efficiency was calculated as milk/DMI, ECM/DMI, and 3.5*FCM/DMI. 

  Samples of wet forages were collected three times a week and dry feeds 

collected once weekly. Subsamples were used for dry matter determination (55°C for 48 

h) and the remainder was frozen until composited at 2-week intervals. Dried composite 

samples (50 total) were mailed to Cumberland Valley Analytical Services (CVAS) for 

nutrient analysis using the standard analysis package (DM, CP, ADF, NDF, ash, NFC, 

TDN, NEL, and minerals) plus starch (Table 2). 

  

Digestibility and fecal starch measures. 
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A subset of 14 multiparous cows (7 per treatment) were used for measurement 

of total tract apparent nutrient digestibility at the end of the baseline period (wk -1), at 1 

and 2 weeks following the start of the treatment period (wk 1, 2), and every 2 weeks 

thereafter (wk 4, 6, 8, 10). On the last day of each of those weeks, fecal grab samples 

were collected at 0900, 1500, 2100, and 0300 h and frozen until composited into 1 

sample per cow per day and re-frozen. Two independent TMR samples were also 

collected from the morning feeding on the day of fecal sampling by using a small 

shovel to collect TMR from 10 different feed bins into a 5-gallon bucket. Independent 

samples were sequentially mixed and halved and frozen until analysis. Composite fecal 

samples (98 total, 1 for each of the 14 cows for each of the 7 days of digestibility 

measurements) and individual TMR samples (14 total, independent duplicates from 

each of the 7 days of digestibility measurements) were mailed to CVAS for 

measurement of CP, NDF, ADF, OM, starch, and 240 hour undigested NDF (uNDF). 

Total tract apparent digestibility of CP, NDF, ADF, starch, and OM were determined 

for each of the 14 cows by using uNDF as an internal marker. 

  For the remaining 16 cows, fecal samples were collected on the same dates and 

times and frozen until composited into 1 sample per cow per day and re-frozen.  

Composite fecal samples were mailed to CVAS for measurement of fecal starch. 

  At the time of fecal collection on each day fecal score (1=liquid to 5=extremely 

well formed) was evaluated on all 30 cows. This allowed for us to use the entire set of 

30 cows to evaluate the effect of BovamineⓇ on fecal starch and fecal score. 
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Statistical analysis. 

Weekly means of dry matter intake and milk yield were calculated for each cow. 

Milk composition data for each day of sampling was calculated as the mean of the am 

and pm sampling results. 

  One cow (cow 51) was removed from the experiment during week 8 due to 

clinical mastitis. Her data through week 7 was included in all statistical analyses except 

when indicated otherwise. One cow (BOV) had low milk fat and protein yields 

throughout the experiment, low intakes during the beginning of the experiment, and was 

sometimes identified as an outlier by the univariate procedure of SAS. An additional 

five cows (3 CONl, 2 BOV) had chronically high SCC. Statistical analyses of 

performance data were completed both including and excluding the data of those six 

cows. 

  Weekly measures of intake, milk yield, and milk composition were analyzed 

using the GLIMMIX procedure of SAS. Treatment, week, and the interaction of 

treatment by week were included as fixed effects. Data collected during the last week of 

the baseline period was included as a covariate. The “random _residual_” statement was 

used to indicate repeated measures, the subject was cow nested within treatment, and an 

autoregressive covariance structure was used. Cow was included as a random effect. 

Differences were determined by using the “pdiff” option of the “lsmeans” statement. 

  Fecal score, fecal starch, and apparent nutrient digestibility data were evaluated 

using the same model except that there were fewer weeks included in the model (fecal 

score was determined during the baseline period and during weeks 1, 2, 4, 6, 8, and 10). 
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Body weights collected at the end of the baseline period and at the end of weeks 

5 and 10 were analyzed using the GLIMMIX procedure of SAS. Treatment, week, and 

the interaction of treatment by week were included as fixed effects. Data collected 

during the last week of the baseline period was included as a covariate. Cow was 

included as a random effect. 

 

3.3 Results & Discussion 

Performance 

Weekly means of intake, milk yield, milk composition, and body weight were 

evaluated for all cows over the course of the experiment (Table 5). Treatment or the 

interaction of treatment by week did not affect any of the measures evaluated. There 

was a trend for a treatment by week interaction on DMI (P = 0.09). This was due to 

greater intakes by CON as compared to BOV during week 4 (27.3 vs 25.3 kg/d, P = 

0.05) and week 5 (25.9 vs. 28.4 kg/d, P = 0.01), data not shown. Presented in Table 6 

are the results excluding cows that were identified as outliers or high SCC cows (3 

CON and 3 BOV). Treatment alone did not affect any measures, but the interaction of 

treatment and week affected DMI (P = 0.01) and fat percent (P = 0.03) and tended to 

affect milk/DMI (P = 0.06). For DMI, this was driven by greater intakes for CON than 

BOV during week 5 (P = 0.004) and a tendency during week 4 (P = 0.07; Figure 7). For 

milk fat percent, the interaction was driven by BOV having numerically greater milk fat 

percentages during weeks 2 and 3 than CON and CON having numerically greater milk 

fat percentages during weeks 4 to 10, with this difference approaching significance at 



 26 

week 7 (P = 0.07; Figure 8). The tendency for the interaction of treatment by time on 

milk/DMI was due to greater efficiency for BOV than CON during week 5 (1.78 kg/kg 

vs. 1.65 kg/kg, P = 0.04; data not shown). No differences were observed between 

treatments for ECM/DMI or FCM/DMI. 

In this experiment, supplementing high producing early lactation dairy cows 

with BovamineⓇ did not affect cow performance (Table 5). It is suggested that 

supplementing cows with lactate producing and utilizing bacteria will provide a more 

constant production of VFAs which the cow can utilize for production (Nocek et al., 

2003). Boyd et al. (2011) showed the inclusion of BovamineⓇ in dairy cow rations 

increased milk yield. West and Bernard (2011) also reported an increase in milk yield 

when supplementing BovamineⓇ. In contrast and in agreement with our experiment, 

others also have not found an increase in milk production when cows were fed 

BovamineⓇ (O’Neil et al., 2014; Ferraretto and Shaver, 2015).  

In this experiment we expected BOV supplemented cows would have increased 

efficiency, either by an increase in milk yield or by decreasing DMI while maintaining 

milk yield. Measuring milk/DMI is one way to measure feed efficiency and is 

interpreted as pounds of milk produced per pound of dry matter consumed. West and 

Bernard (2011) found that BovamineⓇ supplemented cows were more efficient. In their 

study ECM tended to be greater in the DFM treated cows and the DFM group had 

numerically decreased DMI, resulting in BovamineⓇ treated cows having a greater 

ECM/DMI. O’Neil et al. (2014) also reported decreased DMI in BovamineⓇ treated 
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cows, resulting in an improvement in milk/DMI. This is opposed to Raeth-Knight et al. 

(2007) and Ferraretto and Shaver (2015) who reported no differences between 

BovamineⓇ and control treatments for energy efficiency, similar to this experiment. 

Previous research has found that BovamineⓇ has not affected milk fat or protein 

percentages (Raeth-Knight et al., 2007; Boyd et al., 2011; West and Bernard 2011; 

Ferraretto and Shaver, 2015). However, Boyd et al. (2011) reported increased milk 

protein yield in BovamineⓇ supplemented cows. These findings were mainly due to an 

overall increase in milk yield, not protein percentage. Based on this work we 

hypothesized that the inclusion of BovamineⓇ would not have an impact on milk 

components, which it did not. Others have found effects on milk composition when 

feeding different DFMs. Nocek et al. (2003) reported an increase in milk protein yield 

in cows supplemented with yeast and Enterococcus strains. Work by McGilliard and 

Stallings (1998) who supplemented a DFM mixture of Aspergillus oryzae, Bacillus 

subtillis, Lactobacillus acidophilus, and a yeast culture found a decrease in milk fat 

percentage. Nocek and Kautz (2006) also demonstrated milk fat percentage decreased in 

cows supplemented with a yeast and Enterococcus faecium strains. Despite the 

difference in milk fat percentage, both of those studies observed similar milk fat yields 

between treatment and control groups. Though there are some exceptions, throughout 

the literature DFM supplementation does not typically change milk composition in 

lactating dairy cows 

  

Fecal measures and nutrient digestibility 
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Results for fecal score, fecal starch, and apparent total tract nutrient digestibility 

are presented in Table 7. Fecal score and digestibility of DM, OM, CP, NDF, and ADF 

were not affected by treatment or the interaction of treatment by time. There was an 

interaction of treatment by week for fecal starch (P = 0.01). This was due to greater 

fecal starch for CON than BOV at week 2 (Figure 9). Apparent total tract starch 

digestibility tended to be increased for the BOV treatment compared to CON (P = 

0.051). 

Dairy producers and nutritionists often evaluate fecal score when making feed 

changes. Manure evaluation can give a visual interpretation of digestion of consumed 

feed. Fecal matter is scored on a scale of 1 to 5, 1 being liquid and 5 being extremely 

well formed. Using this scale, manure with a score of 3 is optimal. An excess of protein 

or starch leading to poor rumen fermentation and increased hindgut fermentation, as 

well as a lack of fiber can cause manure with a fecal score below 3. Higher fiber rations, 

or low-quality forages with poor digestibility, tend to cause a fecal score above 3 (Hall, 

2002). In high producing lactating cow diets, manure scores may sometimes fall below 

the optimum because of the higher amount of concentrate that is fed. In this study we 

expected nutrient digestibility to be best for BOV cows. Therefore, we expected fecal 

scores for BOV cows to be closer to 3 than CON because reduced digestibility for CON 

would result in a higher or lower score. There was not a significant difference in fecal 

score between CON and BOV. CON and BOV cows had fecal scores around the 

optimal score of 3 (2.96 and 3.07 respectively), suggesting nutrient digestibility 

between the two groups were similar. 
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Due to the expense of nutrient digestibility analysis, analyses were only done on 

14 cows in this experiment (7 per treatment). It was hypothesized that nutrient 

digestibility would be improved in BOV cows. It is suggested that supplementing 

DFMs in cattle improve rumen fermentation in turn improving digestibility (Krehbiel et 

al., 2003). In our study treatment did not affect digestibility of DM, OM, CP, NDF, and 

ADF. Although there was a tendency for BOV to have improved starch digestibility, it 

was biologically not very different (98.46% CON and 98.74% BOV). Raeth-Knight et 

al. (2007) also did not observe a significant effect of Lactobacillus and 

Propionibacterium supplementation on apparent nutrient digestibility of DM, OM, CP, 

NDF, ADF and starch. This is opposed to Boyd et al. (2011) who observed increased 

CP, NDF and ADF digestibility in BovamineⓇ cows as compared to control. In regard 

to other DFM supplementation in lactating dairy cows, Nocek and Kautz (2006) 

reported increased digestion of forage DM in cows supplemented with yeast and 

Enterococcus strain DFM. A study by AlZahal et al. (2014) showed improved starch 

digestibility in cows supplemented with an Enterococcus faecium and Saccharomyces 

cerevisiae DFM but did not observe any difference in apparent total tract nutrient 

digestibility of NDF. 

Starch digestibility was only measured in a subset of animals in this experiment, 

but fecal starch content was evaluated in all 30 cows. Fecal starch can be used as an 

indicator of total-tract starch digestibility (Fredin et al., 2014). An increase in total-tract 

starch digestibility can increase milk yield, milk protein yield, and feed efficiency 

(Firkins et al., 2001). In our study fecal starch percent was not affected by treatment, 
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which supports the findings of the subset of cows where BovamineⓇ had a tendency to 

only modestly improve starch digestibility. 

 

Conclusions 

Overall, this experiment showed no benefits of feeding BovamineⓇ on milk 

production, feed efficiency, fecal score or fecal starch in high producing early lactation 

dairy cows. There was a tendency for BOV cows to have improved starch digestibility, 

but the magnitude of the difference was small (0.28%) and digestibility of other 

nutrients were not affected by treatment. Although some studies have shown that 

supplementing DFM improves milk production, component yield, or feed efficiency, 

results have been inconsistent. Differences among studies may be due to differences in 

inclusion levels, feeding protocols, and diet composition that can impact animal 

response to the DFM.  
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Chapter 4 

EXPERIMENT 2: EFFECT OF BOVAMINEⓇ ON RUMEN PH AND VFA, IN 
SITU DIGESTIBILITY, FECAL PH AND STARCH, AND RUMEN AND FECAL 

MICROBIOMES BEFORE AND FOLLOWING A HIGH STARCH FEEDING 
CHALLENGE. 

 
4.1 Introduction 

 In the field, producers aim to feed their herd a consistent ration day after day. 

Dairy cows perform more efficiently when they are faced with minimal changes in their 

diet. Realistically this may not always be the case; feeding inconsistencies may arise for 

many reasons. For example, person to person variation if different individuals are 

making feed, forage changes, too much of a feedstuff being added, equipment 

malfunctions, weather and storage conditions can all result in mixing errors. A producer 

may choose to include a DFM in the ration to improve digestive function and rumen 

stability in the herd. One way DFMs can maintain rumen stability is by producing a 

steady level of lactate, which would allow lactic acid utilizing microbes to sustain a 

metabolically active population. This would allow these lactate utilizers to sequester 

more lactate when concentrations fluctuate due to diurnal feeding (Nocek and Kautz, 

2006). Theoretically, if dairy cows are faced with a diet change, but are receiving a 

supplemented DFM in their ration, they should have less fluctuation in rumen and 

hindgut digestibility. This is especially important when mixing errors increase dietary 

concentrate. During this time, lactate production increases faster than the lactate 

utilization rate which can drastically drop rumen pH. Supplementing a DFM may help 

prevent ruminal acidosis (Nocek et al., 2000). 
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BovamineⓇ is a DFM that consists of a lactate producing bacteria as well as a 

lactate utilizing bacteria. It is predicted that these organisms work together to provide a 

steady dose of lactate in the rumen, continually stimulating the lactate utilizing bacteria 

to produce major byproducts like VFAs. Therefore, ruminal lactate should be rapidly 

utilized in the rumen, maintaining a steady pH. In this experiment we hypothesized that 

when faced with a high starch challenge, BOV cows would have a more stable rumen 

environment. This would result in less fluctuation in rumen pH, rumen VFA, in situ 

digestibility, fecal starch, and rumen and fecal microbiome compared to CON. 

 

4.2 Materials & Methods 

Animals, treatments, and rations. 

Experiment 2 used 6 lactating Holstein dairy cows housed in tie stalls. Cows 

were fitted with rumen cannulas prior to the start of the experiment. The cows initially 

were comprised of 3 multiparous and 3 primiparous cows with mean (± SD) milk yield 

of 40 (± 8) kg/d and days in milk of 73 (± 32). One primiparous cow had to be removed 

from the experiment during week 2 of period 1. Due to lack of availability of 

replacement cannulated cows, she was replaced with a multiparous cow much later in 

lactation (377 DIM) and lower in milk (11 kg/d). The final set of 4 multiparous cows 

and 2 primiparous cows had a mean milk yield of 36 (± 15) kg/d and days in milk of 

123 (± 129). 
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Cows were fed twice daily (~0900 and 1630 h) for ad-libitum intake and refusals 

were removed and weighed daily for measurement of daily intake. Cows were milked 

twice daily (~0430 and 1600 h) with milk weights recorded at each milking. 

The experiment was conducted as a crossover design with two 6-week periods. 

During the first period, 3 cows were assigned to the CON and 3 cows were assigned to 

BOV. Cows on the BOV treatment were supplemented with BovamineⓇ as a twice daily 

topdress given ~9 am and 4:30 pm. BovamineⓇ (1.5×109 CFU/feeding, 3×109 

CFU/head/d, 28 g/head/d) was mixed with a ground corn grain carrier (100 g/feeding, 

200 g/d).  Cows on the CON treatment received 100 g corn grain at each time as well as 

14 g of a 50/50 mixture of dried distillers grains and calcium carbonate.  Topdress 

treatments were prepared once weekly in the lab by weighing the corn grain and 

BovamineⓇ or corn grain and distillers grains/calcium carbonate into individual bags 

labeled with each cow number (14 bags per cow per week, with one bag for each cow 

for each am and pm feeding). According to the crossover design, cows were switched to 

the opposite treatment for the period 2.  

  Cows were fed one of two rations during the course of the experiment (Table 3). 

During the first 5 weeks of each period were fed a typical lactation ration balanced to 

contain 30% NDF and 25% starch (Table 4). During week 6, cows were abruptly 

switched to the same ration mixed with an additional 12.8 kg corn grain per 100 kg 

ration dry matter. The week 6 ration was formulated to contain 27.9% NDF and 30.5% 

starch and was used to simulate a mixing error that might occur on farm. 
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Milk and feed sampling. 

During each period, milk samples (192 total) were collected at both milkings on 

day 7 of each week during weeks 1-5 and on days 1, 3, and 7 of week 6. Samples were 

analyzed for lactose, protein, fat, SCC and MUN by NIR using a Milkoscan System 

4000 (Dairy One, Ithaca, NY). Samples of wet forages were collected three times a 

week and dry feeds collected once weekly. Feed sample composites (50 total) were 

generated for weeks 1-2, weeks 3-4, week 5, and week 6 of each period. Composites 

were analyzed using wet chemistry methods by Cumberland Valley Analytical Services 

(CVAS; Hagerstown, MD) for CP, NDF, ADF, starch, ash, and mineral content, and 

analyzed composition is presented in Table 2. 

  

Rumen and fecal measures. 

Rumen pH was continuously measured during weeks 5 and 6 in all cows using 

indwelling pH meters (DASCOR, Inc.). In addition, in situ rumen digestibility, rumen 

VFA, fecal pH, fecal starch, and rumen and fecal microbiome were determined during 

weeks 5 and 6. 

  In situ digestibility was measured at the end of week 5, beginning of week 6, 

and end of week 6. Dried and ground TMR was placed in Dacron bags (4.0 ± 0.1 g 

TMR in 10 × 20 cm bags) in the rumen and incubated in triplicate in each cow to 

evaluate dry matter disappearance after 6, 12, 18, and 24 h in the rumen. Timing of bag 

placement occurred such that bags were placed in the rumen at different times (4, 10, 

16, and 22 h relative to feeding), but all bags were removed from the rumen at the same 
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time. A separate set of triplicate bags was subjected to rinsing but not ruminal 

incubation to correct for losses due rinsing alone. 

  At the time of bag placement (4, 10, 16, and 22 h relative to the am feeding), 

rumen and fecal samples were collected for measurement of rumen VFA (144 total 

samples), fecal pH (144 total measurements), and fecal starch (composited by cow and 

sampling day, 36 total samples). For measurement of fecal pH, 20 g of feces was added 

to 20 mL water in a 50 mL conical tube. The mixture was shaken vigorously for 20 

seconds and the liquid squeezed through 4 layers of cheesecloth. The pH of the liquid 

was then measured using a portable pH meter (P771, Anaheim Scientific, Yorba Linda, 

CA). Samples collected for rumen VFA were stored at -20°C until VFA analysis using 

high-performance liquid chromatography. Fecal samples for starch determination were 

stored at -20°C until composited by cow within each sampling day. Starch content of 

fecal composite samples was analyzed at CVAS. 

At the 10 h time point following the first feeding at the end of week 5 (w5d7), 

and the beginning (w6d1) and end of week 6 (w6d7) during periods 1 and 2, sterile 

samples of feces and rumen fluid were collected for microbiome analysis from each 

cow (72 total samples). Rumen fluid was collected from four different areas in the 

ventral rumen sac (~ 50 mL per site) and put into a sterile whirl-pak bag. Using a sterile 

funnel, rumen fluid was strained through two layers of sterile cheesecloth into a sterile 

bottle. 5 mL cryovials were filled approximately halfway with the filtered rumen fluid 

sample and were then stored at -80°C. This method was repeated for each cow. Feces 

was collected by palpating the rectum to obtain the fecal sample into a sterile beaker. 



 36 

Using a sterile spatula, 5 mL cryovials were filled approximately halfway with the fecal 

sample and stored at -80°C. This method was repeated for each cow. Frozen 

microbiome samples were sent to RTLGenomics (Lubbock, TX) for sequencing 

 

Microbiome analysis. 

DNA extraction, library preparation, amplification and sequencing was done by 

RTLGenomics. The primers 515F (GTGCCAGCMGCCGCGGTAA) and 926R 

(CCGTCAATTCMTTTRAGTTT) were used to amplify the V4 and V5 hypervariable 

regions of the 16S rRNA. Samples were amplified for sequencing using the Illumina 

two-step process. The Illumina MiSeq (San Diego, CA) platform with the 2 × 250 base 

pair paired-end method was used for sequencing. 

  Sequence processing was done by Mark Miller at Phaseolus Consulting 

(Wyndmoor, PA). FASTQ files generated by RTLGenomics were imported into a 

Qiime 2 (v2018-2) paired-end “sequences with quality” artifact. The number of reads 

for each sample are illustrated below in Figure 1. The applications FASTQC and 

MultiQC were used to build a per-nucleotide/per-sample quality histogram of the raw 

data (Figure 2). The quality scores of these FASTQ files were consistently good. Phred 

quality scores indicate the probability that a given base is called incorrectly by the 

sequencer. For this data, almost all of the per-nucleotide Phred quality scores were over 

30, indicating a base-call accuracy rate of 99.9% or greater (Ewing and Green, 1998). 

  Sequence artifacts were run through the Divisive Amplicon Denoising 

Algorithm 2 (DADA2), which is a model-based approach for correcting amplification 
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errors without constructing operational taxonomic units (OTU) (Rosen et al., 2012). 

After sequences were denoised and tabulated, three FASTQ files were chosen to select 

for the appropriate DADA2 settings. Trimming and truncation values of 20 and 240 

nucleotides were selected in agreement with Figure 2. DADA2 was run on a 32-core, 60 

GB AWS “c3.8xlarge” cloud server. DADA2’s thread count parameter was set to 32 

and the number of reads used for learning error patters was increased from 16 to 26. For 

the other parameters the default settings were used. 

After removing the low quality and noisy reads, DADA2 tabulates the remaining 

reads in each sample as OTUs at 100% identity. An OTU is a marker sequence that is 

representative of the observed sequences from one or more highly related individual(s) 

(Blaxter et al., 2005). After DADA2 tabulation, OTUs were classified taxonomically. 

Figure 3 plots the total number of OTU features per sample against the number of reads 

per sample. Most of the samples retained ~50% of the reads after the DADA2 steps. 

DADA2 detected sequences from a total of 8,100 different OTUs. 

  Next, two filters were applied to the samples. The first filter discarded any 

sample whose total OTU count was less than two standard deviations below the mean of 

all samples. That minimum for this data was 4,162; therefore two samples were deleted: 

Cow225-Pd2-w5d7-Fluid and Cow148-Pd2-w6d7-Fluid (rumen fluid samples from cow 

225 in period 2, week 5, day 7 and cow 148 in period 2, week 6 day 7). The second 

filter that was applied required a total count of at least 3 OTUs across all samples (either 

in a single sample or across multiple samples). Any OTUs that appeared only once or 

twice total were discarded as they may have represented sequencing errors. This 
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filtering removed 986 of 1,111,911 tabulated reads in the 8,100 different OTUs that 

were identified. Figure 4 depicts counts of OTUs, and those left of the dotted line 

(n=433) were removed, leaving a total of 7,667 remaining OTUs. 

  The filtered sequences were then input into Qiime 2’s naïve Bayes classifier, to 

identify what organisms were present in the samples. The reference file used in the 

classifier was constructed from GreenGenes version 18.8 clustered at 99%, the highest 

similarity level provided. The naïve Bayes classifier was run with a confidence cutoff of 

0.9 (Figure 5). The majority of these classifications had a high confidence with a sharp 

peak at 99 – 100%. 

  The output of the DADA2 tabulation and the taxonomic classification of OTUs 

were merged together with a sample metadata file to obtain a richly annotated .biom 

file. Further analyses were performed by importing the .biom file and the phylogenic 

tree into a script written in R language using Bioconductor’s Phyloseq library. The R 

script added an additional OTU feature filtering step to remove those that had been 

classified as rRNA with mitochondrial or chloroplast origin (total of 131 features). 

  Almost all of the OTUs can be classified to Order, 75% could be classified to 

Family, 42% could be classified to Genus, and 5% could be classified at the Species 

level (Figure 6). Due to lower specificity at the Genus and Species classifications, 

results are discussed at the order and family level. All of the OTUs from this data set 

were aggregated into 82 families. 

 

Animal number justification. 
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The number of animals was limited to 6 due to the expense associated with 

rumen cannulation, rumen pH boluses and microbiome sequencing. Because this 

experiment was designed as a crossover, the effective number of animals per treatment 

is 6, as each cow received each treatment. Based on typical standard errors we observe, 

we expected 6 animals to be sufficient to detect differences of 10 mM, 0.2, and 0.25 in 

rumen VFA, rumen pH, and fecal pH, respectively. 

  

Statistical analysis. 

Weekly means of dry matter intake and milk yield were calculated for each cow. 

Milk composition data for each day of sampling was calculated as the mean of the am 

and pm sampling results. 

Weekly measures of intake, milk yield, and milk composition were analyzed 

using the GLIMMIX procedure of SAS. Treatment, week, treatment sequence, period, 

parity, and the interactions of treatment by week and treatment by parity were included 

as fixed effects. The “random _residual_” statement was used to indicate repeated 

measures, the subject was the interaction of treatment and cow, and an autoregressive 

covariance structure was used. Cow within sequence was included as a random effect. 

Differences were determined by using the “pdiff” option of the “lsmeans” statement. 

Due to the low production of the one cow that was added to the study as a replacement 

(cow 138), her data were excluded when evaluating performance.   

  Daily mean intake, milk yield, and milk composition from day 7 of week 5 and 

days 1, 3, and 7 of week 6 were separately analyzed to determine any short-term effects 
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of high starch feeding. Those data were analyzed using the GLIMMIX procedure of 

SAS as described for the weekly means, except that the week term was replaced by an 

indicator of day within week. 

  Fecal starch was also analyzed using this model except that the days included 

were only day 7 of week 5, day 1 of week 6, and day 7 of week 6. 

  In situ disappearance, fecal pH, and rumen VFA were analyzed by the 

GLIMMIX procedure of SAS. Treatment, day, hour, treatment sequence, period, parity, 

and the interactions of treatment by hour, treatment by day, treatment by day by hour, 

and treatment by parity were included as fixed effects. The “random _residual_” 

statement was used to indicate repeated measures, the subject was the interaction of 

treatment and cow, and an autoregressive covariance structure was used. Cow within 

sequence was included as a random effect. Differences were determined by using the 

“pdiff” option of the “lsmeans” statement. 

Rumen pH data were used to calculate daily values for mean pH, minimum pH, 

maximum pH, minutes/d below pH 5.8, and area/d below pH 5.8. Those results were 

evaluated using GLIMMIX and a model that included the fixed effects of treatment, 

day, week, parity, period, and sequence, and the interactions of week by treatment, day 

by treatment, day by week, and day by week by treatment. 

Beta diversity analysis was performed on the microbiome samples using the phyloseq 

package in R to allow pairwise comparisons between samples. The DESEQ2 procedure 

was used to independently evaluate fecal and rumen samples using a general linear 
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model. Effects of treatment (CON or BOV) and ration starch content (low during week 

5 day 7, and high during week 6 day 1 and week 6 day 7) were included in the model. 

 

4.3  Results & Discussion 

Performance 

Weekly means of intake, milk yield, and milk composition for all cows 

(excluding low producing cow 138) over the course of the experiment were evaluated 

and results are presented in Table 8. Treatment did not affect any measures except that 

lactose percentage tended to be greater in BOV (4.86 vs. 4.81%, P = 0.08). The 

interaction of treatment by time did not affect any measures, but there was a trend for an 

interaction of treatment by parity for milk protein yield (P = 0.06). That interaction was 

due to similar milk protein yields for primiparous cows on both treatments, but 

numerically higher yields for multiparous cows fed BOV compared to CON (Figure 

10). 

Milk samples were collected on day 7 of week 5, just prior to the shift to the 

high starch diet, and on days 1, 3, and 7 of week 6 following the switch to the high 

starch ration. Milk components from each of those days as well as corresponding milk 

yields and intake were statistically evaluated to determine effects of BovamineⓇ during 

the shift to the higher starch ration. Results of that model while excluding cow 138 are 

presented in Table 9. Treatment or the interaction of treatment and day did not affect 

DMI or milk yield, but there was a tendency for an interaction of treatment and day on 

milk/DMI (P = 0.06). For milk/DMI, BOV cows were numerically more efficient than 
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CON cows on day 7 of week 5 and day 3 of week 6 whereas CON cows were 

numerically more efficient on day 1 of week 6 (Figure 11). Protein yield and percentage 

were not affected by either treatment or the interaction of treatment and day. There was 

a tendency for an interaction of treatment by day for fat % (P = 0.10) that was due to a 

tendency for greater milk fat percentage for BOV on day 1 of week 6 but no differences 

on the other days (Figure 11). Milk fat yield was affected by the interaction of treatment 

by day (P = 0.02) and treatment by parity (P = 0.05; Figure 11). These effects 

culminated in increased fat yield for BOV cows (P = 0.002), due to numerically greater 

milk fat yields for BOV on day 7 of week 5 and day 1 of week 6 and numerically 

greater milk yields of primiparous cows fed BOV. 

As for experiment 1, we hypothesized that BovamineⓇ would increase feed 

efficiency as would be demonstrated by increased milk yield, maintained milk yield 

with decreased DMI, and/or increased milk/DMI. We expected these differences to be 

greatest following the abrupt shift to the high starch ration. As indicated above, 

BovamineⓇ may have helped to stabilize milk fat following the ration shift, but overall 

impacts were minimal. As described in Experiment 1, bacterial DFMs do have the 

potential to increase milk production and feed efficiency, though responses are highly 

variable across studies. Our primary objective in this study was to observe the impact 

BovamineⓇ had on ruminal fermentation characteristics when cows were abruptly 

switched to a high starch ration, and as a result our study was underpowered to detect 

performance responses. 
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Rumen pH, in situ digestibility, and VFA 

 Daily mean rumen pH variables were analyzed, and results presented in Table 

10. Week affected minimum pH (P = 0.05) and tended to affect mean pH (P = 0.07). 

Interestingly, daily mean pH was 6.28 in week 5 and 6.35 in week 6. This is counter to 

our expectation that the higher starch ration fed during week 6 would decrease rumen 

pH. Minimum pH followed the same pattern and was 5.82 in week 5 and 5.90 in week 

6. It is commonly known and reported that changing the proportion of forage and 

concentrate in the diet of cattle affects rumen pH, but this was not observed in our 

study. We were expecting higher rumen pH with the BOV treatment, particularly 

following the change to the high starch ration, but this was also not observed. Results 

from other studies with Lactobacillus species have shown decreased changes in pH in 

acidosis challenged cows, suggesting reduced risk of subacute ruminal acidosis 

(Huffman et al., 1992; Nocek et al., 2000). However other reports have not found an 

effect of DFM on rumen pH. When supplementing a Propionibacterium DFM, Kim et 

al. (2000) and Ghorbani et al. (2002) reported no effect on ruminal pH. Nocek et al. 

(2002) measured rumen pH when feeding different levels of a DFM treatment 

consisting of E. faecium, L. plantarum, and S. cerevisiae. At the lowest DFM inclusion 

rate (1 x 105 cfu/mL of rumen fluid), ruminal pH increased. Higher levels of DFM (1 x 

106 cfu/mL of rumen fluid and 1 x 107 cfu/mL of rumen fluid) decreased ruminal pH. 

They stated that the production of acid increased faster than its utilization at the higher 

inclusion levels suggesting that there may be a threshold of acid production that many 

no longer stimulate the acid utilizing microbes. 
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Rumen fluid samples were collected at 4, 10, 16, and 22 hours after the morning 

feeding on day 7 week 5, day 1 of week 6, and day 7 of week 6 for measurement of 

rumen organic acids (Table 11). Treatment and the interaction of treatment by time did 

not affect ruminal VFAs. As expected, hour (4, 10, 16, and 22 after feeding) affected all 

measures (P < 0.002). Interestingly, day (week 5 day 7, week 6 days 1 and 7) affected 

all measures (P < 0.01) except for rumen lactate and the ratio of acetate to propionate, 

indicating that the higher starch feeding during week 6 did impact rumen variables. 

Across all times, LSmeans of total rumen VFA were 91 mM on day 7 of week 5, 109 

mM on day 1 of week 6, and 119 mM on day 7 of week 6 (Figure 12a). Total VFA on 

day 7 of week 5 was lower than the other days (P < 0.001) and week 6 day 1 tended to 

be lower than week 6 day 7 (P = 0.08). Although we did not observe a change in rumen 

pH, the increase in ruminal VFAs indicate that the additional concentrate in the diet 

challenge increased rumen starch digestion. 

Changing the diet has a cascading effect on rumen metabolism, resulting in 

changes in organic acid profiles (Wolin & Miller, 1997). In this study we hypothesized 

that BOV cows would have a more stable rumen environment when animals were 

switched to a high starch ration as would be evidenced by reduced changes in ruminal 

VFAs following the switch to the high starch diet. Based on our results, BOV did not 

improve ruminal stability because of the lack of treatment effects on ruminal organic 

acids or rumen pH. The lack of a significant effect of treatment on lactate and 

propionate concentrations indicate that supplemented bacterial strains may not have 

been able to remain sufficiently active in the rumen to alter ruminal fermentation. In 
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order to survive, the BovamineⓇ bacteria need to be in a favorable environment. L. 

acidophilus thrive at a pH of 5.50 – 6.0 (Altermann et al., 2005). The average pH 

observed in our study ranged from 5.8 - 6.8 with an average of 6.3. While this range is 

above the optimal conditions for L. acidophilus, they are still known to survive under 

these conditions but with less functionality (Altermann et al., 2005). In our study, no 

differences in ruminal propionate proportions were observed which may indicate why 

milk production was similar between the CON and BOV cows in Experiment 1. This is 

in agreement with Raeth-Knight et al. (2007) who also did not find a difference in total 

VFA concentration or milk yield between control and BovamineⓇ treatments. In 

opposition, Osman et al. (2012) found that feeding BovamineⓇ increased total VFA 

concentrations in the rumen but did not report changes in milk yield or efficiency in 

BovamineⓇ supplemented cows. 

Other studies have measured the effect of different bacterial DFMs on the rumen 

organic acid profile. When feeding a Propionibacterium DFM, Kim et al. (2000) 

observed no effect on lactate or ruminal organic acids with supplementation. Ghorbani 

et al. (2002) also fed a Propionibacterium DFM and found no effect on ruminal 

concentrations of lactate, total VFA, propionate, acetate, valerate, isobutyrate, and 

isovalerate, or the ratio of actetate:propionate. But DFM supplemented cows did have 

greater concentrations of ruminal butyrate. However, Stein et al. (2006), Weiss et al. 

(2008) and Peng et al. (2012) observed a significant increase in ruminal propionate 

concentrations when feeding Propionibacterium or B. subtilis DFM. 
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When switched to a highly fermentable diet, VFA production increases in the 

rumen, and this likely occurred in our study as suggested by the increase in rumen VFA 

concentration (Figure 12a). Usually this increases total metabolizable energy for the 

animal which then increases production or productive efficiency (Penner et al., 2010). 

Despite the increase in rumen VFA, there was no effect of the high starch ration on 

production or productive efficiency, but again the period of high starch feeding was 

short, there were low animal numbers, and animals were in mid to late lactation. While 

some of the DFM studies mentioned above either increased or did not have an effect on 

ruminal organic acids, it is important to consider the different diet compositions and 

organisms that were used in each of these trials. Diet composition is the biggest factor 

that affects ruminal fermentation variables, and response to DFM is likely highly 

dependent on diet. 

In situ digestibility following 6, 12, 18, and 24 hours of rumen incubation was 

also determined on the days rumen fluid samples were taken (Table 11). Treatment and 

the interactions of treatment by time did not affect in situ digestibility, but there was an 

effect of day (P < 0.001, Table 11) and hour (6, 12, 18, and 24 hours of incubation) (P < 

0.001, Table 11). To visualize the effect of day, LSmeans for in situ digestibility 

measured following each of the four time points are presented in Figure 12b. The day 

effect for in situ digestibility was due to greater digestibility on day 7 of week 6 than 

digestibility measured on day 5 of week 7 or day 1 of week 6 (P < 0.02). To our 

knowledge, no work has been done to look at in situ digestibility in lactating dairy cows 

supplemented with BovamineⓇ. In Experiment 2 we hypothesized that BOV cows 
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would have increased in situ digestibility, particularly following the high starch 

challenge, as compared to CON. Nocek et al. (2002) measured the effect of DFM 

dosage on in situ digestibility of high moisture ear corn, haylage, and corn silage. In 

their study they used a combination of Enterococcus, Lactobacillus and Saccharomyces 

supplemented at 105, 106 or 107 cfu/mL rumen fluid. They found that cows 

supplemented with DFM at 105 CFU had higher digestion rates of high moisture ear 

corn and corn silage compared to the 106 and 107 doses, respectively. While the findings 

of this study are not in direct relevance to our experiment, it does show the potential of 

a DFM to modify in situ digestion kinetics. In our experiment, BOV supplemented 

cows did not have improved TMR in situ digestibility as compared to control cows. 

Ghorbani et al. (2002) also found that treatment with a Propionibacterium and 

Enterococcus DFM did not affect 24 hour in situ disappearance in beef steers. This is in 

agreement with our findings from Experiment 1, and with Raeth-Knight et al. (2007) 

where BovamineⓇ supplemented cows did not have improved apparent total tract 

nutrient digestibility of DM, OM, CP, NDF, ADF and starch. On the other hand, Boyd 

et al. (2011) reported increased digestibility of CP, NDF, and ADF in BovamineⓇ 

supplemented cows. 

 

Fecal pH and starch 

 Fecal samples were collected at 4, 10, 16, and 22 hours after feeding on week 5 

day 7, and week 6 days 1 and 7. Fecal pH was measured at all of those time points and 

remaining fecal samples were composited by day for each cow for measurement of 
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fecal starch. There were no effects of treatment on fecal pH (Table 12). There was an 

effect of day (P = 0.002), and fecal pH was lower on day 7 of week 6 (6.72) than on 

either of the other days (6.86 and 6.89 for week 5 day 7 and week 6 day 1, respectively). 

Fecal starch was affected by both treatment (P = 0.02) and day (P = 0.01). Fecal starch 

was greater for BOV than CON. The day effect was due to fecal starch being lower on 

week 5 day 7 (1.79%) than on week 6 day 7 (2.72%, P = 0.002), and neither of those 

days was different from day 1 of week 6 (2.26%). Though there was not an interaction 

of treatment by day (P = 0.53), the treatment difference appears to be largely driven by 

effects during week 6 (Figure 13). Together, these results suggest that the higher starch 

ration fed during week 6 reduced total tract starch digestibility, and that BovamineⓇ 

actually reduced starch digestibility, particularly following the transition to the high 

starch ration. 

In this experiment, we hypothesized that BOV cows would have improved 

starch digestibility prior to and following the switch to the high starch ration. Counter to 

Experiment 1, fecal starch was greater for BOV than CON, suggesting that BovamineⓇ 

actually reduced total tract starch digestibility (Table 12), particularly following the 

switch to the high starch ration (Figure 13). This is the opposite of what was expected, 

as BovamineⓇ was hypothesized to improve digestive function and stability. While 

others have not reported decreased starch digestibility, Raeth-Knight et al. (2007) and 

Boyd et al. (2011) did not observe an increase in starch digestibility in BovamineⓇ 

treated cows compared to unsupplemented cows. 
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Rumen and fecal bacterial microbiome 

 The only experimental factor that correlated with the bacterial composition of 

the samples was sample type, feces or rumen fluid, and Figure 14 shows a clear 

separation of samples by type. Multidimensional scaling (MDS) of the samples, using 

the weighted unifrac distance between their OTU count vectors, demonstrated two 

distinct clusters of microbial communities. Fecal samples were more closely clustered 

with each other than with rumen fluid samples, and vice versa, indicating differences in 

community structure between rumen and fecal samples. While it is expected that feces 

and rumen fluid have different bacterial compositions, this figure shows the efficacy of 

the microbial analysis since samples were clustered according to type. Figure 15 

illustrates differences among samples for the 40 most prevalent families using a 

heatmap. Heatmaps are useful for visualizing abundance of individual families, as 

displayed by color, across treatments or, in this case, sample type. The color gradient 

assigns families of identified OTUs by abundance. Darker black indicates lower 

abundance of that family and the lighter blue indicates greater abundance. The MDS 

ordination in Figure 14 and the heatmap in Figure 15 do not show any additional 

clustering beyond sample type, indicating that effects of ration starch percentage and 

BOV treatment were minimal as further detailed below. 

 Figure 16 represents a heatmap of the 40 most prevalent OTU families of the 

processed rumen fluid samples. Those samples were filtered as described in the 

materials and methods above. The organisms are classified by family along the Y-axis, 

and the X-axis is arranged by treatment and ration starch percentage (for ease of 
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presentation the 23.8% starch ration is displayed as “20” and the 31.1% starch ration is 

displayed as “30”). Observing across the heatmap, there were no clear pattern 

differences when comparing treatment, suggesting a minimal effect of treatment on 

rumen fluid. MDS was also used to demonstrate rumen fluid microbiome differences 

between samples with regard to ration starch (color of marker) and CON or BOV 

treatment (shape of marker; Figure 17). The lack of organized clustering by treatment of 

dietary starch again demonstrates a lack of experimental effects on rumen fluid bacterial 

composition. Those families with at least 1% abundance in the rumen fluid samples are 

presented in Table 13. CON or BOV did not impact any of the most abundant families 

(P = 1.00). Although increased dietary starch numerically decreased Prevotellacae, 

increased family S24-7 within the order Bacteroidales, and decreased Spirochaetaceae, 

these differences were not significant (P > 0.20). 

 It is known that there are many factors than have an effect on the rumen 

microbial community. For example, changes in diet, age, use of antibiotics, geographic 

location, season, stress, and environment are only a few (Puniya et al., 2015). While all 

these factors may play a role in the rumen microbiome, the impact of diet has been most 

studied. For example, it is possible to manipulate the composition of ruminal bacteria 

by diet management. Crater et al. (2007) and Pulido et al. (2009) observed that 

microbial species and their activities were altered by adjusting feed intake and 

frequency of feeding. But the primary factor in inducing change in ruminal bacterial 

communities is diet transition (Tajima et al., 2001; Petri et al., 2013). Bacterial 

communities shift depending on available substrate. Starch and sugar degrading 
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microbes constitute the largest part of the ruminal bacterial population. These organisms 

are of great importance for high-producing ruminant animals since their diet usually 

contains large amounts of readily fermentable starch and sugars (Deusch, et al., 2017). 

Across all the rumen fluid samples in our study, over 70% of the rumen bacterial 

community was dominated by the Bacteroidetes phylum, followed by over 20% being 

from the phylum of Firmicutes. Deusch et al. (2017) and Petri et al. (2013) also found 

the top phylum to be Firmicutes followed by Bacteroidetes. In our study, the 

Prevotellaceae family was the most dominant bacterial family within the rumen 

ecosystem as reported before (Kim et al., 2011; Jami and Mizrahi, 2012; Deusch et al., 

2017). Petri et al. (2013) also found Prevotellaceae to be most prominent in heifers fed 

91% grain and concentrate diets. Members belonging to this family have versatile 

metabolic capabilities. They are able to utilize a broad range of substrates including 

peptides, proteins, monosaccharides, and plant polysaccharides (Miyazaki et al., 1997; 

Purushe et al., 2010). This family of organisms can be found in the rumen ecosystem 

across a variety of diets suggesting that these bacteria exhibit substantial metabolic 

diversity (Petri et al., 2013). 

Although the changes were not significant, we observed an increase in 

abundance of organisms from the Ruminococcaceae family during the switch to the 

higher starch ration (~11% to ~17%). Petri et al. (2013) also observed the abundance of 

Ruminococcacea to be 18.09% in animals fed a mixed 60% forage and 91% grain and 

concentrate diet. Typically, when faced with a dietary transition, starch fermenters and 

fibrolytic species can change significantly, changes we did not observe in this 
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experiment. During the high starch ration diet, we expected to see the microbial 

population shift with decreasing cellulolytic bacteria, like Ruminococcaceae, and 

increasing acid tolerant bacteria like Streprococcus and Lactobacillus species. 

Khafipour et al. (2009) reported these changes when animals were given a high 

concentrate diet to induce SARA. Hungate et al. (1952) also reported that an excess of 

grain included in the ruminant diet will decrease cellulolytic bacteria and increase gram 

positive bacteria. Tajima et al. (2001) saw major decreases in Fibrobacter 

succinogenes, Ruminococcus flavefaciens, Prevotella ruminicola, Ehrlichia 

ruminantium and Treponema bryantii and increases in Prevotella byrantii, Selenomonas 

ruminanrium and Mitsuokella multiacida when switching animals from a hay to a grain 

diet. In opposition to this, numerically the abundance of organisms from the 

Ruminococcaceae family actually increased in our study when cows were fed a higher 

starch diet. But we did not observe any significant changes between treatments and 

diets. When Petri et al. (2013) compared overall diversity of their rumen bacterial 

samples, cluster analysis showed no significant clustering of profiles between animals, 

dietary treatment (forage, mixed forage, concentrate diets), or digesta matter. While 

dietary treatments in their study clustered separately from one another, there was no 

significant difference. 

 Figure 18 represents a heatmap of the 40 most prevalent OTU families of fecal 

samples. Organisms are classified by family along the Y-axis, with treatment (CON or 

BOV) and amount of starch (20 or 30) along the X-axis. Viewing across the heatmap, 

there were no clear pattern differences between treatments or ration starch percentage, 
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suggesting a minimal effect of treatment or dietary starch on feces. A lack of impact of 

ration or treatment on fecal microbiome is further illustrated by MDS in Figure 19. 

Those families with at least 1% abundance in the feces samples are presented in Table 

14. Treatment did not impact any of the most abundant families (P = 0.98). Although 

increased dietary starch numerically decreased Veillonellaceae, the differences were not 

significant (P = 0.12). 

Across all the fecal samples in our study, over 60% of the bacterial community 

was dominated by the Firmicutes phylum, followed by over 30% being from the 

phylum of Bacteroidetes. Deusch et al. (2017) found similar results in lactating Jersey 

cows where the top phylum in fecal samples was from the phylum Bacteroidetes 

followed by Firmicutes. It has been observed that the microbial population of the lower 

GIT in cattle are dominated by strict anaerobes such as Bacteroides, Clostridium, and 

Bifidobacterium species (Drasar and Barrow, 1985). The most abundant organisms 

found in our fecal samples came from the family of Ruminococcaceae. 

Ruminococcaceae break down complex carbohydrates and are common GIT microbes. 

In our study, there was no change in this family of organisms between diets or 

treatment. Shanks et al. (2011) suggested organisms from the family Ruminococcaceae 

can shift dramatically depending on diet. Organisms from the Bacteroidales order were 

found in the second highest abundance in our fecal samples. They are well known 

intestinal bacteria that can be both beneficial and harmful and are the most abundant 

gram-negative organisms in the human colonic microbiota (Mazmanian et al., 2005). 

The third most abundant organism we observed in our fecal microbiome samples come 
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from the order of Clostridiales. The broad genus Clostridium falls under this order, they 

are ubiquitous in the GIT and described as a “trash can” genus (Dowd et al., 2008). 

Organisms belonging to this classification can have both positive and negative effects 

on the host animal. C. perfringes, C. tetani, and C. botulinum are a few species that 

cause significant productivity problems (Reilly and Attwood, 1998). While others can 

improve digestion of cellulose and act as a beneficial probiotic (Kopecny et al., 1996). 

The synergism between different groups of rumen microbial communities is so 

diverse and complicated, it is difficult to define a specific role for any particular group 

(Kamra, 2005). Rumen bacteria are not present in a single colony, they work in a 

symbiotic relationship with other rumen organisms forming a larger complex 

community. Studies using beef steers have shown that certain microbes may be 

associated with feed efficiency in cattle by improving ADG, DMI, feed conversion 

ratio, and residual feed intake (Guan et al., 2008; Hernandez-Sanabria et al., 2010). The 

effect of diet on rumen function was evaluated. In these studies, three bacterial species, 

Succinivibrio, Eubacterium, and Robinsoniella have been identified to correlate with 

feed efficiency measures. While the exact reason is not known, it is hypothesized that is 

has to do with their metabolic mechanisms including propionate synthesis, formate 

production, and cross-feeding interaction with methanogens (Hernandez-Sanabria et al., 

2012). We did not observe these species with 1% or more abundance in the ruminal 

microbiome samples, likely because lactating dairy cattle diets differ significantly from 

feedlot diets. Being able to identify which microbial communities are related to 

efficiency in cattle can help the industry select for more efficient animals.  
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Chapter 5 

CONCLUSIONS 

 

The dairy industry is always trying to improve feed efficiency due to the high 

input of feed costs. One potential method to increase feed efficiency is to supplement a 

DFM into dairy cow diets. Experiment 1 evaluated the impact of feeding DFM 

BovamineⓇ to early lactation dairy cows on performance and nutrient digestibility. 

Overall, no benefits of BovamineⓇ on cow intake, milk yield, feed efficiency or milk 

composition were observed. BOV appeared to have improved starch digestion as 

demonstrated by a tendency for increased total tract starch digestibility and reduced 

fecal starch content during week 4, but the magnitude of the effects were small. 

Experiment 2 evaluated the effects of supplementing BovamineⓇ to a 23.8% 

starch ration as well as during an abrupt transition to 31.1% starch ration. Independent 

of treatment, feeding the higher starch ration increased rumen VFA but did not affect 

performance variables or rumen pH. The lack of effects on rumen pH were surprising 

and suggest that there was sufficient rumen buffering to avoid a decrease in rumen pH 

with the increased VFA load. During the transition to the high starch ration, BovamineⓇ 

did not affect milk production or DMI. BovamineⓇ did increase milk fat yield which 

was largely driven by differences observed in primiparous cows and on day 1 of the 

transition to the high starch ration. Counter to the results of Experiment 1, in 

Experiment 2 BovamineⓇ actually increased fecal starch, suggesting it reduced total 
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tract starch digestibility. No effects of BovamineⓇ treatment or ration starch percentage 

on rumen and fecal microbiomes were observed. The lack of impact of the ration starch 

percentage on rumen and fecal microbiome was surprising but is supported by the lack 

of change in rumen pH and fecal measures. Future work may be improved by adding 

additional animals to improve power and by using a more fermentable starch source 

than corn grain to induce a more dramatic digestive disturbance.  
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TABLES 
 
Table 1. Ingredient composition of Experiment 1 ration. Ingredients are expressed as a 
percentage of total ration dry matter. 

Ingredient % of ration DM 
Corn silage 51.47 
Alfalfa silage 8.90 
Alfalfa hay 8.58 
Ground corn 8.02 
Protected soybean meal1 6.92 
Canola meal 5.42 
Citrus pulp 2.34 
Sugar byproduct2 1.67 
Porcine blood meal 1.64 
Rumen bypass fat3 1.39 
Sodium bicarbonate 0.73 
Corn gluten meal 0.54 
Trace mineral and vitamin mix4 0.46 
Sodium chloride 0.37 
Calcium carbonate 0.32 
Potassium carbonate5 0.30 
Monensin6 0.29 
Monocalcium phosphate 0.28 
Methionine precursor7   0.083 
Potassium and magnesium sulfate8   0.061 
Rumen protected methionine9   0.053 
Urea   0.049 
Rumen protected lysine10   0.042 
Vitamin E, 46 KIU/kg   0.034 
Magnesium oxide   0.023 
Chelated zinc11   0.008 
Biotin12   0.004 

1Extruded and expelled soybean meal (J. L. Moyer & Sons, Inc., Turbotville, PA). 
2Contained 92.3% sucrose (Renaissance Nutrition Inc., Roaring Spring, PA). 
3MEGALAC (Church & Dwight Co., Inc, Princeton, NJ). 
4Contained 14.7% calcium, 34.3% magnesium, 0.75% sulfur, 102 mg/kg Fe, 4,262 
mg/kg Zn, 823 mg/kg Cu, 4,215 mg/kg Mn, 65.5 mg/kg Se, 141 mg/kg Co, 191 mg/kg 
I, 191 mg/kg I, 1,268 KIU/kg Vitamin A, 254 KIU/kg Vitamin D, and 5,062 IU/kg 
Vitamin E. 
5DCAD Plus (Church & Dwight Co., Inc, Princeton, NJ). 
6Rumensin 90 (Elanco, Greenfield, IN). 
7HMTBa (MFP, Novus International, Inc., St. Charles, MO). 
8Dynamate (18% K, 11% Mg, 22% S; The Mosaic Company, Plymouth, MN). 
9Smartamine M (Adisseo, Antony, France) 
10AjiPro-L Generation 2 (Ajinomoto Heartland, Inc., Chicago, IL). 
11MINTREX Zn (Novus International, Inc., St. Charles, MO). 
12Microvit H Promix Biotin 2% (Adisseo, Anthony, France)
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Table 2. Nutrient composition of total mixed ration in Experiment 1. 
  Formulated Analyzed 
CP 16.7 16.2 ± 0.2 
NDF 30.2 32.3 ± 1.7 
ADF 19.4 21.8 ± 1.2 
Starch 25.0 23.8 ± 2.1 
NFC 42.1 45.0 ± 1.0 
NEL, Mcal/kg     1.73       1.69 ± 0.02 
Ash   7.6   7.0 ± 0.6 
Ca, % DM     0.85       0.98 ± 0.05 
P, % DM     0.38       0.38 ± 0.01 
Mg, % DM     0.37       0.40 ± 0.03 
K, % DM     1.45       1.37 ± 0.11 
Na, % DM     0.37       0.43 ± 0.05 
Fe, mg/kg           271       344 ± 29 
Mn, mg/kg             47         76 ± 12 
Zn, mg/kg             66         73 ± 14 
Cu, mg/kg             11         17 ± 7 
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Table 3. Ingredient composition of rations fed during Experiment 2 expressed as a 
percentage of total ration dry matter. 

1Extruded and expelled soybean meal (J. L. Moyer & Sons, Inc., Turbotville, PA). 
2Contained 92.3% sucrose (Renaissance Nutrition Inc., Roaring Spring, PA). 
3MEGALAC (Church & Dwight Co., Inc, Princeton, NJ). 
4Contained 14.7% calcium, 34.3% magnesium, 0.75% sulfur, 102 mg/kg Fe, 4,262 
mg/kg Zn, 823 mg/kg Cu, 4,215 mg/kg Mn, 65.5 mg/kg Se, 141 mg/kg Co, 191 mg/kg 
I, 191 mg/kg I, 1,268 KIU/kg Vitamin A, 254 KIU/kg Vitamin D, and 5,062 IU/kg 
Vitamin E. 
5DCAD Plus (Church & Dwight Co., Inc, Princeton, NJ). 
6Rumensin 90 (Elanco, Greenfield, IN). 
7HMTBa (MFP, Novus International, Inc., St. Charles, MO). 
8Dynamate (18% K, 11% Mg, 22% S; The Mosaic Company, Plymouth, MN). 
9Smartamine M (Adisseo, Antony, France) 
10AjiPro-L Generation 2 (Ajinomoto Heartland, Inc., Chicago, IL). 
11MINTREX Zn (Novus International, Inc., St. Charles, MO). 
12Microvit H Promix Biotin 2% (Adisseo, Anthony, France)

Ingredient Weeks 1-5 Week 6 
Corn silage 51.47 45.61 
Alfalfa silage   8.90  7.89 
Alfalfa hay   8.58  7.61 
Ground corn   8.02           18.47 
Protected soybean meal1   6.92 6.13 
Canola meal   5.42 4.81 
Citrus pulp   2.34 2.08 
Sugar byproduct2   1.67 1.48 
Porcine blood meal   1.64 1.45 
Rumen bypass fat3   1.39 1.23 
Sodium bicarbonate   0.73 0.65 
Corn gluten meal   0.54 0.48 
Trace mineral and vitamin mix4   0.46 0.41 
Sodium chloride   0.37 0.33 
Calcium carbonate   0.32 0.28 
Potassium carbonate5   0.30 0.27 
Monensin6   0.29 0.26 
Monocalcium phosphate   0.28 0.25 
Methionine precursor7     0.083   0.076 
Potassium and magnesium sulfate8     0.061   0.053 
Rumen protected methionine9     0.053   0.045 
Urea     0.049   0.045 
Rumen protected lysine10     0.042   0.038 
Vitamin E, 46 KIU/kg     0.034   0.030 
Magnesium oxide     0.023   0.023 
Chelated zinc11     0.008   0.008 
Biotin12     0.004   0.004 
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Table 4. Nutrient composition of total mixed ration of Experiment 2. 
  Week 1-5   Week 6 
  Formulated Analyzed   Formulated Analyzed 
CP 16.7 16.2 ± 0.2   15.8 15.5 ± 0.2 
NDF 30.2 32.3 ± 1.7   27.9 28.6 ± 0.3 
ADF 19.4 21.8 ± 1.2   17.7 19.0 ± 0.1 
Starch 25.0 23.8 ± 2.1   30.5 31.1 ± 0.3 
Ash   7.6   7.0 ± 0.6     7.0   6.8 ± 0.6 

 
 
 
 
 
 

Table 5. LSmeans of weekly intake, milk yield, and milk composition results from all cows 
over the course of Experiment 1. 

 Treatment  P values 
 Control Bovamine SEM Treatment Week Treatment 

× Week Covariate 

DMI, kg/d 27.1 26.0 0.5 0.16 0.002 0.09 0.01 
Milk, kg/d 45.9 45.8 1.0 0.94 0.001 0.95 0.001 
Fat, % 3.85 3.62 0.11 0.13 0.004 0.26 0.001 
Fat, kg/d 1.75 1.67 0.04 0.22 0.16 0.47 0.001 
Protein, % 2.92 2.89 0.04 0.54 0.001 0.38 0.001 
Protein, kg/d 1.33 1.31 0.02 0.42 0.001 0.63 0.001 
ECM, kg/d 47.7 46.7 0.8 0.37 0.001 0.74 0.001 
3.5FCM, kg/d 48.0 46.9 0.8 0.36 0.001 0.65 0.001 
Milk/DMI, 
kg/kg 

1.72 1.75 0.04 0.55 0.001 0.14 0.001 

ECM/DMI, 
kg/kg 

1.79 1.78 0.04 0.96 0.001 0.50 0.04 

3.5FCM/DMI, 
kg/kg 

1.80 1.79 0.05 0.87 0.001 0.45 0.02 

MUN, mg/dL 12.1 11.8 0.3 0.48 0.001 0.43 0.002 
SCS 2.42 2.08 0.18 0.21 0.007 0.37 0.001 
BW, kg1 729 723 6 0.52 0.001 0.61 0.001 

1Body weight (BW) was measured weeks 5 and 10 only. 
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Table 6. LSmeans of weekly intake, milk yield, and milk composition results from over the 
course of the experiment. Cows with chronically high SCC (47, 51, 110, 953, and 997) and 
outlier cow 6 were excluded from analyses. 
 Treatment  P values 
 Control Bovamine SEM Treatment Week Treatment 

× Week Covariate 

DMI, kg/d 26.6 25.9 0.4 0.21 0.001 0.01 0.001 
Milk, kg/d 45.3 45.5 0.8 0.92 0.001 0.54 0.001 
Fat, % 3.90 3.80 0.09 0.43 0.001 0.03 0.001 
Fat, kg/d 1.75 1.74 0.05 0.98 0.21 0.32 0.001 
Protein, % 2.94 2.95 0.03 0.87 0.001 0.38 0.001 
Protein, kg/d 1.32 1.33 0.02 0.97 0.001 0.52 0.001 
ECM, kg/d 47.5 47.7 0.9 0.88 0.001 0.77 0.001 
3.5FCM, kg/d 47.8 48.0 1.0 0.93 0.001 0.63 0.001 
Milk/DMI, 
kg/kg 

1.71 1.75 0.03 0.46 0.001 0.06 0.001 

ECM/DMI, 
kg/kg 

1.81 1.82 0.04 0.85 0.001 0.25 0.001 

3.5FCM/DMI, 
kg/kg 

1.82 1.83 0.04 0.89 0.001 0.19 0.001 

MUN, mg/dL 12.2 11.8 0.3 0.40 0.001 0.28 0.008 
SCS 1.75 1.53 0.19 0.45 0.02 0.20 0.001 
BW, kg1 719 721 6 0.81 0.001 0.96 0.001 

1Body weight (BW) was measured weeks 5 and 10 only. 
 
 
 

Table 7. LSmeans of fecal score and fecal starch collected at weeks 1, 2, 4, 6, 8, and 10 
from all cows during Experiment 1. LSmeans of apparent total tract nutrient digestibility 
evaluated from a subset of 14 cows (7 per treatment) at weeks 1, 2, 4, 6, 8, and 10. 

 Treatment  P values 
 Control Bovamine SEM Treatment Week Treatment 

× Week Covariate 

Fecal score 2.96 3.07 0.07 0.23 0.001 0.41 0.001 
Fecal starch, % 
DM 

0.78 0.59 0.12 0.30 0.001 0.01 0.73 

Digestibility, %        
DM  68.8 69.2 0.3 0.42 0.001 0.44 0.58 
OM 70.2 70.5 0.3 0.47 0.001 0.46 0.62 
Starch  98.46 98.74 0.09 0.051 0.002 0.13 0.97 
CP  69.2 69.3 0.4 0.92 0.001 0.27 0.21 
NDF  42.0 42.7 0.7 0.53 0.001 0.45 0.81 
ADF  39.7 40.5 0.7 0.46 0.001 0.25 0.75 
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Table 8. LSmeans of weekly intake, milk yield, and milk composition results over the 
course of Experiment 2. Results of low producing cow 138 were excluded. 
 Treatment  P values 
 Control Bovamine SEM Treatment Week Treatment 

× Week 
Treatment 
× Parity 

DMI, kg/d 25.1 25.0 0.4 0.99 0.12 0.84 0.90 
Milk, kg/d 38.1 39.3 2.9 0.35 0.55 0.88 0.54 
Milk/DMI, 
kg/kg 

1.53 1.57 0.09 0.23 0.002 0.75 0.25 

Fat, % 3.40 3.47 0.20 0.49 0.97 0.74 0.60 
Fat, kg/d 1.30 1.36 0.13 0.13 0.53 0.60 0.27 
Protein, % 2.89 2.87 0.06 0.42 0.04 0.69 0.34 
Protein, kg/d 1.10 1.12 0.07 0.17 0.94 0.61 0.06 
Lactose, % 4.81 4.86 0.05 0.08 0.20 0.12 0.48 
MUN, mg/dL 10.8 10.4 0.3 0.25 0.03 0.90 0.88 
SCS 1.76 1.67 0.45 0.75 0.26 0.68 0.56 

 
 
 
 
 

Table 9. LSmeans of intake, milk yield, and milk composition from day 7 of week 5 (normal 
starch ration) and days 1, 3, and 7 of week 6 (high starch ration) of Experiment 2. Results 
are excluding low producing cow 138.  
 Treatment  P values 
 Control Bovamine SEM Treatment Day Treatment 

× Day 
Treatment 
× Parity 

DMI, kg/d 24.9 25.7 0.6 0.30 0.81 0.13 0.26 
Milk, kg/d 37.1 38.6 2.4 0.38 0.24 0.41 0.45 
Milk/DMI, 
kg/kg 

1.50 1.50 0.07 0.89 0.72 0.06 0.76 

Fat, % 3.42 3.59 0.29 0.09 0.20 0.10 0.43 
Fat, kg/d 1.28 1.39 0.15 0.002 0.04 0.02 0.05 
Protein, % 2.93 2.88 0.04 0.27 0.22 0.52 0.60 
Protein, kg/d 1.09 1.10 0.06 0.65 0.71 0.26 0.64 
Lactose, % 4.86 4.87 0.05 0.64 0.05 0.54 0.28 
MUN, mg/dL 9.47 9.71 0.22 0.28 0.004 0.69 0.53 
SCS 1.74 1.83 0.36 0.80 0.21 0.94 0.73 
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Table 10. LSmeans of daily pH data collected during weeks 5 (normal starch ration) and 6 (high starch ration) of each period 
in Experiment 2. Results of all 6 cows are included. 
 Treatment  P values 
 

Control Bovamine SEM Treatment Week 
Treatment 
× Week 

Treatment 
× Day 

Treatment 
× Day × 
Week 

Mean pH 6.31 6.33 0.07 0.69 0.07 0.24 0.94 0.73 
Minimum pH 5.85 5.87 0.06 0.22 0.05 0.20 0.72 0.76 
Maximum pH 6.84 6.84 0.06 0.75 0.20 0.75 0.80 0.86 
Minutes/d below pH 
5.8 

53 38 34 0.69 0.13 0.65 0.93 0.95 

Area/d below pH 5.8 6.1 6.7 4.6 0.46 0.10 0.46 0.96 0.97 
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Table 11. LSmeans of rumen VFA and lactate measured 4, 10, 16, and 22 h after feeding on day 7 of week 5 and days 1 and 7 
of week 6 in Experiment 2. LSmeans of in situ digestibility after 6, 12, 18, and 24 h in the rumen measured on day 7 of week 5 
and days 1 and 7 of week 6. Results of all 6 cows are included. 
 Treatment  P values 
 

Control 
Bovamin

e SEM 
Treatmen

t Day Hour 
Treatmen
t × Hour 

Treatmen
t × Day 

Treatmen
t × Day × 

Hour 
Organic acid, mM          

Acetate 65.0 65.2 1.8 0.94 0.001 0.001 0.89 0.42 0.46 
Propionate 23.2 23.8 2.4 0.76 0.002 0.001 0.97 0.53 0.87 
Isobutyrate 1.21 1.23 0.04 0.67 0.005 0.002 0.86 0.44 0.84 
Butyrate 11.6 11.7 0.7 0.98 0.001 0.001 0.74 0.80 0.88 
Isovalerate 1.63 1.79 0.14 0.11 0.01 0.001 0.52 0.10 0.94 
Valerate 1.53 1.47 0.11 0.46 0.001 0.001 0.99 0.93 0.60 
Total VFA1 105.5 107.0 4.7 0.73 0.001 0.001 1.00 0.37 0.89 
Lactate2 0.50 0.53 0.12 0.90 0.39 0.002 0.37 0.77 0.99 
Total organic acids3 105.9 107.5 4.7 0.72 0.001 0.001 1.00 0.38 0.90 

Acetate to propionate 
ratio  2.97 3.00 0.24 0.88 0.57 0.001 0.79 0.29 0.70 

In situ disappearance, 
% of starting 35.8 36.4 2.2 0.84 0.001 0.001 0.81 0.59 0.34 

1Total VFA = sum of acetate, propionate, isobutyrate, butyrate, isovalerate, and valerate 
2Lactate was log transformed prior to statistical analyses. LSmeans and SEM presented in the table were reverse transformed. 
3Total organic acids = total VFA + lactate. 
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Table 12. LSmeans of fecal pH and fecal starch content. Fecal samples were collected at 0, 6, 12, and 18 h relative to feeding 
on day 7 of week 5, day 1 of week 6, and day 7 of week 6 in Experiment 2. Fecal pH was measured at each time. For starch 
analysis, fecal samples were composited by cow for each day. Results are from all 6 cows. 
 Treatment  P values 
 

Control 
Bovamin

e SEM 
Treatmen

t Day Hour 
Treatmen
t × Hour 

Treatmen
t × Day 

Treatmen
t × Day × 

Hour 
Fecal pH 6.82 6.83 0.04 0.92 0.002 0.001 0.70 0.54 0.89 
Starch, % DM 2.03 2.49 0.19 0.02 0.01 -- -- 0.53 -- 

 

65 

 



 66 

 
Table 13. Experiment 2. Percentage of organisms with at least 1% abundance found in 
rumen fluid for both treatments (Bov vs. Con) and both rations (23.8% vs. 31.1% starch). 
Adjusted P values assess the overall impact of treatment and ration starch percentage. 
 Treatment Adj. P-values 

Organism CON 
23.8% 

BOV 
23.8% 

CON 
31.1% 

BOV 
31.1% 

Treatment % 
Starch 

f__Prevotellaceae 60.98% 60.43% 49.30% 45.94% 1.00 0.21 
f__Ruminococcaceae 11.59% 11.11% 16.50% 18.93% 1.00 0.86 
o_Bacteroidales 
f__unknown 5.99% 4.59% 6.62% 5.80% 1.00 1.00 

f__[Paraprevotellaceae] 3.34% 3.27% 3.46% 3.32% 1.00 0.75 
o_Clostridiales 
f__unknown 2.53% 2.32% 3.77% 4.20% 1.00 0.63 

f__Lachnospiraceae 2.26% 2.97% 4.11% 3.90% 1.00 1.00 
f__Veillonellaceae 2.20% 2.01% 1.91% 2.21% 1.00 0.75 
o_Bacteroidales 
f__S24-7 1.90% 2.16% 4.05% 4.13% 1.00 0.20 

c_Mollicutes 
o_RF39 
f__unknown 

1.79% 2.28% 2.71% 4.23% 1.00 0.60 

f__Spirochaetaceae 1.48% 1.06% 0.77% 0.46% 1.00 0.20 
o_Bacteroidales 
f__BS11 1.40% 2.41% 1.14% 1.08% 1.00 0.63 

f__Succinivibrionaceae 1.33% 1.06% 0.66% 0.87% 1.00 0.47 
o_Bacteroidales 
f__RF16 1.05% 1.09% 1.22% 1.07% 1.00 1.00 
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Table 14. Experiment 2. Percentage of organisms with at least 1% abundance found in 
feces for both treatments (Bov vs. Con) and both rations (23.8% vs. 31.1% starch). Adjusted 
P values assess the overall impact of treatment and ration starch percentage. 
 Treatment Adj. P-values 

Organism CON 
23.8% 

BOV 
23.8% 

CON 
31.1% 

BOV 
31.1% 

Treatment % 
Starch 

f__Ruminococcaceae 33.84% 33.70% 36.03% 34.81% 0.98 0.98 
o_Bacteroidales 
f__unknown 11.57% 12.25% 13.83% 13.68% 0.98 0.98 

o_Clostridiales 
f__unknown 10.28% 6.86% 5.80% 4.92% 0.98 0.41 

f__Bacteroidaceae 8.35% 9.49% 8.19% 10.20% 0.98 0.98 
f__Rikenellaceae 6.62% 5.03% 7.74% 7.49% 0.98 0.78 
c_Mollicutes 
o_RF39 
f__unknown 

4.61% 3.64% 2.57% 2.48% 0.98 0.78 

f__Lachnospiraceae 4.60% 3.72% 3.71% 5.06% 0.98 0.98 
f__[Paraprevotellaceae] 3.89% 4.93% 4.72% 5.37% 0.98 0.98 
o_Bacteroidales 
f__S24-7 3.10% 5.51% 4.24% 3.17% 0.98 0.98 

f__Veillonellaceae 2.22% 1.92% 0.71% 0.60% 0.98 0.12 
o_Bacteroidales 
f__RF16 1.32% 1.28% 2.45% 2.01% 0.98 0.78 

f__Bifidobacteriaceae 1.29% 3.32% 0.47% 0.58% 0.98 0.41 
f__Spirochaetaceae 1.14% 0.88% 2.02% 1.81% 0.98 0.60 
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FIGURES 
 
Figure 1. Number of reads for each Experiment 2 microbiome sample. X-axis shows the 
number of sequences read per sample and the Y-axis representing the number of samples 
(n = 72). 
 

 
 
 
Figure 2. Quality histogram of the raw reads from the applications FastQC and MultiQC. 
Most of the nucleotide Phred quality scores were over 30. The reads with higher final 
qualities (~37) are the forward reads. The lower final qualities (~29) are the reverse 
reads. The first 20 nucelotides are of lower quality corresponding to the 515F primer. 
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Figure 3. Total number of OTU features per sample vs. the number of reads per sample. 
Most of the samples retained ~50% of the reads after running through DADA2. The 
cumulative reads retained is on a percentage basis. The 3 points highlighted were 
randomly selected to represent reads with poor, intermediate, and good retention after 
filtering. 
  

 
 
Figure 4. Histogram representing the OTU counts after filtering. OTUs that appeared less 
than 3 times, left of the red dashed line, were filtered out (n=433). These were considered 
to be noise. 
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Figure 5. The naïve Bayes classifier was run with a confidence cutoff at 0.9. The mean 
confidence was 0.918, with a sharp peak at 0.99 to 1.0. 
 

 
  
 
 
Figure 6. Taxonomic classification of microorganisms found in the filtered samples in 
decreasing order. 
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Figure 7. Experiment 1. Interaction of treatment by week (P = 0.01) for dry matter intake 
using weekly data but excluding cow 6 and cows with chronic high SCC (cows 47, 51, 
110, 953, and 997). There tended to be a difference at week 4 (P = 0.07) and there was a 
difference at week 5 (P = 0.004). 

 
 
Figure 8. Experiment 1. Interaction of treatment by week (P = 0.03) for milk fat 
percentage using weekly data but excluding cow 6 and cows with chronic high SCC 
(cows 47, 51, 110, 953, and 997). There tended to be a difference at week 7 (P = 0.07). 
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Figure 9. Experiment 1. Interaction of treatment by week (P = 0.01) for fecal starch. 
Fecal starch was greater for Control than Bovamine at week 2 (P = 0.04) 

 
 
 
 
 
 
Figure 10. Experiment 2. Tendency for an interaction of treatment by parity (P = 0.06) 
for milk protein yield evaluated using weekly data but excluding cow 138. 
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Figure 11. Experiment 2. Interactions of treatment by day for milk/DMI (P = 0.06), fat 
% (P = 0.10) and fat yield (P = 0.02) and interaction of treatment by parity for fat yield 
(P = 0.05) observed in the model evaluating results on day 7 of week 5 (normal starch 
ration) and days 1, 3, and 7 of week 6 (high starch ration). Low producing cow 138 was 
excluded from analyses. 
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Figure 12a. Experiment 2. LSmeans of total rumen VFA evaluated on day 7 of week 5, 
day 1 of week 6, and day 7 of week 6 for all cows.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12b. Experiment 2. LSmeans of in situ digestibility evaluated on day 7 of week 
5, day 1 of week 6, and day 7 of week 6 for all cows.  
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Figure 13. Experiment 2. Fecal starch observed on day 7 of week 5 (normal starch 
ration) and days 1 and 7 of week 6 (high starch ration). Fecal starch was affected by 
both treatment (P = 0.02) and day (P = 0.01), but there was no interaction of treatment 
by day (P = 0.53). 

 
 
 
Figure 14. Experiment 2. Multidimensional scaling (MDS) of the filtered samples 
demonstrating two distinct clusters of microbial communities by sample type, rumen 
fluid or feces. 
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Figure 15. Experiment 2. Heatmap of the 40 most prevalent bacterial families found 
across all samples. Differences between rumen fluid and feces are evident. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. Experiment 2. Heatmap of bacteria families identified in rumen fluid 
samples collected during the low starch and the high starch ration by treatment (BOV 
vs. CON). For figure simplicity, the low 23.8% starch ration is represented as “20”, and 
the high 31.1% starch ration is represented as “30”. 
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Figure 17. Experiment 2. Multidimensional scaling (MDS) of rumen fluid samples 
collected during the low starch and the high starch ration by treatment (BOV vs. CON). 
For figure simplicity, the low 23.8% starch ration is represented as “20”, and the high 
31.1% starch ration is represented as “30”. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18. Heatmap of bacteria families identified in fecal samples collected during the 
low starch ration and the high starch ration by treatment (BOV vs. CON). For figure 
simplicity, the low 23.8% starch ration is represented as “20”, and the high 31.1% 
starch ration is represented as “30”. 
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Figure 19. Experiment 2. Multidimensional scaling (MDS)  of fecal samples collected 
during the low and the high starch ration by treatment (BOV vs. CON). For figure 
simplicity, the low 23.8% starch ration is represented as “20”, and the high 31.1% 
starch ration is represented as “30”. 
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